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PREFACE TO THE FIRST EDITION 


• In tlitydevelopmcnt of chemical science during the preceding hundred 
years, t^e steady progress in importance* which catalytic o{>eration8 
have achieved is distinctly remarkable. Their importance emerges 
alike in the purely theoretical and in the technical aspects of the 
subject. In the natural order, also, investigation has shown how pre¬ 
dominating a part the catalytic jihenomenon plays. From the strictly 
utilitarian point of view. Industry was not slow to appreciate the 
advantages to be derived from the employment of ageucies which 
should facilitate and “spee<l-up'’ manufacturing processes, nor was 
there lacking a body of scientitic workers who steadily auj)plied the 
investigative and theort'tical base.? upon wliieh such applications could 
be reared. As the scientific viewjwiint di'velnped, the physiologist and 
biologist rajudly associated the simpler chemieal phenomena with the 
more complex processes ojierating in living matter. To-day, therefore, 
catalysis intrudes pnrminently into all branches of natural science, 
both pure and applied. 

The need for an (exposition of tht* fundamcmtal principles involved 
in this particular field of general chemistry and of the applicability Sf 
such principles in modern life has been widely felt and has offered to 
the authors the necessary indueement to pn^parc the present volume. 
An excellent chapter in Mcllor’s Chemical Sfaiics and Dymmkt has 
formed, hitherto, the sole treatment in Knglish of the theoretical 
aspects of the problem. From time to time various papers have 
catalogued the more important practical ajijdications of catalysis. 
The monograpli of Sabatier, La Catalyse cn chimie crganiqtie, deals 
more particularly with the applications to preparative organic cheoi* 
istry, with slight reference to the physico chemical theories involved. 
Dr. Gertrud Woker has compiled a detailed survey of the theoretical 
aspects of catalysis and of their application io the problems of analytical ^ 
{vocedorc, Marg(^hes’s Sammlung, entitled, Die chemische 
Analyse”, vols. xi., xxi., and xxiii. The volume entitled Unt0r- 
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tuchungeti tm Odnele der Kindik der chemischen * Readi&nen ufid 
Koialy»e, by the Raseiao, Orloff, and La CataUm Quimica, by P. E. 
Vittona, are supplementary to the above volumes. From all these 
sources, to which we wish to acknowledge our indebtedness, we have 
freely drawn in an effcgt to obtain a systematic and comprehensive 
treatment of the whoie subject 

For personal assistance in the compilation of thfe work we wish 
to express our thanks to Professor F. G Donnan, F R.S, for advice 
and for stimulating and continuous encouragement, and to Professor 
W. M. Bsyliss. FRS, for a kindly criticism of the chapter dealing 
with Ferments and Enzyme Action. 

The diagrams have been drawn by our laboratory assistant, 
Mr. A. ffiscocks, to whom lye express our acknowledgments and 
thanks 

With a subject the literature of which is already so considerable 
and is increasing so rapidly and continuously, it is not possible to give 
an exhaustive summary of the scientific and technical references The 
aim, rather, has been to embody in the text the mam bnes of develop¬ 
ment, choosing from the available examples suitable data for the 
purposes of illustration It is hoped that such an object has been 
achieved Criticism or additional information relative to the subjects 
treated will be welcomed 

The subject matter of the volume deals with the influence of 
catalysts in the reactivities of atoms and molecules among themselves. 
In the future, the problems of chemistry will centre more and more 
around the intra-atomic reactions and atomic structure Already, 
the evidence is available that the atoms undergo processes of radio¬ 
active disintegration at definite but, thus far, unalterable speeds. 
Will the catal^'tic agencies be found which shall accelerate the 
velocity of atomic decay and render available the enormous stores 
of intra-atomic energy ? Such is a fitting problem for the years 
that lie ahead. 


Loanoti, Novtnhw 11,1918. 



PREFACE TO THE SECOND EDITION 

^^ROORa|s in catalytic studies since the first edition of this volume 
has necejbitated a complete revision of the text and the addition of 
■several new chapters. 

Advances are recorded in both the theoretical and practical field.- 
The concept of “active” molecules first po.stulated by Arrhenius is 
beginning to assume at least the shadow of an objective reality, and 
the processes of activation explored by the physicist are being earnestly 
sought for in chemical r(;actions. In contact catalysis, experimental 
investigations have yielded a definite concept of the solid catalytio 
agent, its properties and behaviour, all of which could only be surmised 
some years ago. In the domain of theoretical homogeneous catalysis, 
very definite progress in correlating the data of catalysis with the 
thermodynamic properties of solutions ran he recorded, and a com* 
mencement has been made in the incjuiry as to the conditions of 
stability of associated complexes and their electronic structure. 

In the applied science, the record of a new, high-pressure, catalytic 
industrial process, the 8ynthc8i.s of methyl alcohol and motor fuels 
from water gas, will serve to show what further potentialities are 
latent in the field. 

The character of the volume remains the same. No attempt is 
made to make of it an extensive bibliography of catalytic Hterature. 
The rapidity with which the science is growing practically makes that, 
am impcfflsibility. It aims to present a critical survey of the catalytic 
field from the standpoint of the theory of the subject. It is the b^ef 
of the authors that any extension of our theoretical knowledge wi8 
c&tise the pmctical application to be more readily achieved. 

We welcome the appearance of a second edition of 8ab8tier*f 
mc^umental work, La Catalyse en chimin o^anique, both in 

French and an amplified English translation. It fontti'W Te^ 
.Titinable c<HnplemeQt, we believe, to the present volume, which, wf 
.hopCf^wiH value also to the organic chemist, stressing »• it 
ii 
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* • 

thfi theoretical aspects of the practical preparative data of Sabatier 

We also acJcDowledge our indebtedness to the Reports of the Coiimittee 
on Contact Catalysis of the National Research Council, U S A., which 
have materially lessened our labours by their frequent surveys of 
problems with which we are here intimately concerned 

We hope that, in t^e revised form, the book will receive as kindly 
a welcome as met our initial effort We wish here to acknowledge 
our indebtedness to many kind friends for suggestive criticisms and 
advice as to the content of this work. It is our hope that the volume 
may bo a further incentive to research and development iiua very* 
fruitful lield * 

Losbon, DecemlKT 192") 
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C'HAPTKR 1 

EARLY niSTORY 

The conscious development of catalysis in chemical science dates 
from the co-ordination liy Berzelius, in IHIlf), of a number of isolated 
observations niade by various investigators in the early deoadca of 
the nineteenth century. Berzelius for many years contributed annually 
to the Swedish Academy of Sciences a report on the progress of the 
physical sciences during the preceding year. The communication of 
March IS.®, subsequenlly published us the JiilirnherichUfik Chemk, 
1836, contained, inter alia, a discussion of the ri'searchcs of Mitscherlioh * 
on the role of sulphuric aciil in the preparation of other from alcohol. 
It was shown by Berzelius i hat the ri'sullsof this investigation possessed 
^ features common to sineral investigaliona of the most diverse character. 

The argument as dcvi-loped by Berzelius may Ix' briefly summarised.* 
“ I’p to ]H(X). it was ri'Cipgni.scil that, besides the normal tendency of 
Itodies to combine, hi'at ami in some en.scs light could also act in the 
proccas of combination. Ijiter, the influence of electricity was re¬ 
cognised, but it was soon seen I hut i hemical and electrical aflinities 
were the same thing, and that heat anil light had no other action than 
to augment and diminish these allliiities.'' A new type of force was 
involved, however, according to Berzelius, in a number of reactions. 
Thus Kirchhof had shown ’ that in the conversion of starch to sugar 
by means of dilute acids, the acid ellectiiig the change remained un¬ 
altered. Th6nard discovered hydrogen [x-roxide and showed that in 
presence of acids the substance was stable. With alltsli, however, 
decomposition set in with evolution of oxygen, which was also fscilitat«d 
by the presence of substances such as manganese, silver, plstinu>I^ 
gold, and fibrin.* Edmund Davy* demonstrated that, with finely 
#vided platinum soaked in spirit of wine, ethyl alcohol was oxidised to 
acetic acid. In 1822 Dobereiner ‘ showed that spongy platinum in the 
cold induced the spontaneous combustion of hydrogen and oxygen, 

* Po(j. Ass., J8M, II, m 

> Aaini6w., tss( ta at| Ass. CUm. Hfi.. ISSSflu.), « 1 , IM. 

• Sekmlffe^t Jintm,, ISIS, S, IDS. * Ass. CIOs. /%*., ISIS, 1,114, 

. * HiL Tsma, 1820 ISO ICS. • SautlMti'i Aosrsu 1822, SO >11 II2S, II, HI. 
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«m 1 this obeemtioD wu followed by the discovery of Duloog and 
Th^oard^ that gold, silver, and even glass p<ws^d tfie same property 
if the temperature of these agencies was soffijOiently raised. Finally, 
cites Berzelius, the researches of Mitscherlich show that the conversion 
of alcohol to ether was not dependent on the affinity of sulphnric acid 
for water, since by a proper fd]ustment of conditions the addition of 
alcohol to sulphuric acid resulted in the evolution of ether and water, 
the sulphuric acid therefore being analogous to the alkah of Thenard m - 
the decomposition of hydrogen peroxide. 

Bcrzebus therefore concludes ■ “ It is then proved that seyeral 
simple and compound bodies, soluble and insoluble, have the j[)roperty* 
of exercising on other bodies an action very different from ■nhemical 
affinity By means of this action they produce, in these bodies, 
decompositions of their elements and different recombinations of these 
same elements to which they themselves remain indifferent 

“ This new force, which was hitherto unknown, is common to 
organic and inorganic nature I do not believe that it is a force quite 
independent of the electro-chemical affinities of matter; I believe, on 
the contrary, that' it is only a new manifestation of the same; but, 
since we cannot see their connection and mutual dependence, it will 
be more convenient to dcsignab' the force by a separate name I will 
therefore call this force Ihe rdalytir. fo-rec, and I will call catalysis the 
decomposition of bodies by tins force m the same way that one calls 
by the name analysis tlie docornpositiou of bodies by chemical affinity ” 
The illustrations of catalysis cited by Bemelius in the memoir 
just quoted represented by no means an exhaustive list of the catalytic 
operations which hadiipto that time been used and studied Obviously, 
many of the primitive arts involved nneoiisciously the application of 
Berzelius’s “ catalytic force ” The production of wme, for example, 
by fermentation processes dates back to the ancients, though neither 
sugar nor alcohol appars to have been known, as such, to Pliny, 
Berthelot tracing back the rectification of alcohol from wme no further 
than the eighth century ^ The production of acetic acid by fermenta¬ 
tion of wine gave the ancients their earliest acid solvent The manu¬ 
facture of soap by the action of alkalis on fats also dates back to 
t(ncient tames. Phny^ refers to “Sap, Qallonim hoc mventum”, 
and .miffres it probable that the Romans received from Gaul and 
OermaDy a product prepared from animal fat and the aqueous extract 
df ashes. Ether, which has been attributed to the Arabians, WM , 
ceitainly well known m the Middle Ages, being produced by the action, 
'o! sulphuric acid on (dcohol. The first exact knowledge of its prepaid^ 
tioD. we owe to Valerius Cordus in the sixteenth century. The mineral 
adds were not known until the alchemical era, but the preparation df 
eulphurio acid by sotting fire to sulphur admixed with,8altpetre is the 
I' ' An».Ckm 
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'alchemjpal ori^tion of the (»tiilytio']e«d ohand^ piose^ o^ •)!-', 
phiuKi add maniifaotaie. The identity of the aiilphimo add oH&bed 
by the diderent methods of preparation from alom, from yitriol,* and-, 
from sulphur and nitre was established by Libavius in the latro- 
chemipal era, to whom is also to be attribute ^e Srst use of the term 
“ catalysis ” in a chemical treatise. In the table of contents of bia 
treatise on Alchymia is to be found a section devoted to “ Gatalyais ”,' 
but, sccorditm; to Goldschmidt,* e.\;amiuation of the treatise itself, 
fails to reveal anything corresponding with that implied in our modem 

C of the term. One cannot entirely dissociate thj alchemist's Search 
the Vphilosopher's stone” from the modem search for suitable 
catalysts. George Hippie, likened the stone to a ferment. The records 
of the efficacy of the philosopher's stone in the literature of alehemy 
suggest. moreoviT, the poisoning of catalysts with wliioh, later, this 
volume will be largely concerned. Thus, linger Bacon ascribes to the' 
stone the power to transform a million tipnes its weight of base metal 
into gold. The more audarioiis Itaymoipd Lully cites the transforma- ■ 
tion of ten billion times its weight of base metal. But, with the decay 
of alchemy, the claims become mon' mixiest, or the poisoning effect 
becomes the morpp pronounced, for John I’ric. , the last alchemist and 
gold-maker of the eighteenth century, is but able to obroniole ah 
efficacy of thirty times and oipc of sixty times the weight of the stone.. 

Of researches prior to and in the early decades of the nineteenth 
century concerrip'd with the ipperatippii of a catalytic agent and not 
included in the ou-ordinatiopt of Berzelius, particular mention might 
be made of the following. Mrs. Kptlhampi* dpslt with the inSuenoepf 
water on chemical reactiopp, pipppcc especially ipp the reduction ofmetallib 
oxides and in the oxidation of carbon monoxide, and clearly demon, 
strated the necessity for thp‘ pre.seppcc of water, at least in tfaoes, lor 
the production of reactiopp. TIpc rpsp-arches of Ddbereiner on the 
combustion of hydrogen apul oxygp'u were preceded by the obserVati^ 
of Sir Humiffiry Davy “ on the rapacity of platinum wires ot fCB 
heated to below redness to promote the combination of oxygen with, 
coai-gtis, cyanogen, bydrogem cyanide, alcohol, ether, or naphtlm,. 
Brman * showed that platinum at a temperature of 80° was sufficfettfi', 
to ignite a mixture of hydrogen and oxygen. Ddbercinot's work A- 
the action of cold platinum introduced into the gaSes was tapi3^5 
followed by that of Tunter ^ on the action of platinum in promotiAl 
the combination of hydrogen with ohjorine and other gas^, an4 batl 
Pl^uccesaful attempts to cause, preferential combustion. 

~Iii^>urities such as hydrogen sulphide, ammonia, carbon d^nkph^^ 
A*yl«ue, and ammonium sulphide were sliown i/a inhibit the activiW| 
ik platinum. “ It was this ineffieiebey of the platiniim spQUgt Atluj 

f ifAilnL'iilipbraeieM., ie03, t,t3C. ^ M OtmAtullat, la>^ ijUi 

\ ». m iSoppa. Hit. V .«. • m W.in. Saiit, MC'. 
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compounds of charcoal and hydrogen in mixture with oxygej, while’ 
it reacts bo remarkably with common hydrogen, and also, though 
slowly, on carbonic oxide ”, that suggested to Henry' “ the possibility 
of solviDg by its means some interesttiig problems in gaseous analysis. 

I hoped more especially to be able to separate from each other the 
gases constituting ceitam mixtures, to the compositions of which 
approximations had hitherto been made, by comparing the phenomena 
and results of their combustion with those whicli ought to ensue, 
supposing such mixtures to consist of certain hypothetical proportions 
of known gases ” And the conclusion is drawn that, “ When the 
action of tlic platinum sponge was moderate, only the hydwgen and, 
carbomc oxide were consumed, or at most the olefiant gaf was but 
partially acted upon From the facts which have been stated, it 
appears that when the compound combustible gases, mixed with caeh 
other, with hydrogen, and with oxygon, are ex|>osed to the plutinuiii 
balls or sponge, the several gases are not acted upon with equal facility, 
but that carbonic oxide is most dispose<l to mule with oxygen , then 
olefiant gas, and, lastly, carburetted hydrogen Py due rt'gulatioii 
of the proportion of hydrogen it is possible to change the whole of the 
carbonic oxide into carbonic acid without acting on Ihc olefiant gas 
or carburetted hydrogen ” At a temperature of 17(1'' it was further 
shown by Henry that “ when carbonic oxide and hydrogen gases m 
equal volumes, mixed with oxygen sutficient fo saturate only one of 
them, were placed in contact with the .sponge, from the quantity of 
carbomc acid remaining at the clo-se of the experiment it appeared 
that four-fifths of the oxygen tiad united with the carbomc oxide and 
only one-fifth with the hydrogen ", a nmiarkablc result, winch was 
also obtained when excess was used This extraordinary re.search 
represents in many respects a study of catalytic action of the most 
fundamental importance even at the present day 

The genesis of the modern contact [irocess of sulphuric acid manu¬ 
facture dates also from the period prior to the Herzelian definition of 
catalysis. Phillips, a Bristol mamifacturcr of vinegar, jiatented * the 
iwe of platinum, whether of wire or sponge, for the oxidation of sulphur 
dioxide by means of air The process was employed at Lille by 
^ublm^nn in 1883, but was abandoned owing to loss of catalytic 
activity by the platinum, an inhibiting factor which was not satis¬ 
factorily overcome in technical practice until the dawn of the present 
century 

It 18 to Faraday^ that we owe a detailed inquiry into ■' the power 
of metals and other solids to induce the combination of gaseons boies ” 
and into “some very extraordinary interferences with this pheno¬ 
menon.”. The researches were initiated m the course of experiments 

> m Mag., 1826. a. 266. > B.l> 6060/1831 

* Xspermnlol lit £tecfn<i(^, 1840,1,166,6(h mica, Mo*. 964-669. “ETeiyntui't 

670, pp. 84-111. m. Ttant, 1834,114,66. 
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to render effioieot the hydrogen^oxygen voltameter, in which Faraday 
“ was ocoasionally surprised at observing a deficiency ol the gases 
resulting from the decompositions of water, and at last an actual 
disappearance of portions which had been evolved, collected, and 
measured. ... It was found that this effect not due to the escape 
or solution of the gas, nor to recombination of the oxygen or hydrogen 
in consequence of any peculiar condition Mey might be supposed to 
possess under the circumstances; but to be occasioned by the action 
of one or both of the (platina) poles within the tube upon the gas 
ground them.” It was establislicd that the positive platina plate was 
more aetj^ve than the negative, and that with tin* former, in addition 
to its rapid action on oxygen and hydrogen, a feebler action was exerted 
by it on nii.xlnre.s of nitron.'* oxide and hydrogen. According to 
Fara<lay, mixture.^ of olefiant gas or carbonic oxide with oxygen, or of 
equal volumes of hydrogen and chl<>rine, were not affecU'd by the 
prejiared platina plate. 

“ Reverting to the action of the prepared plates on mixtures of 
hydrogen and oxygen. I found that the power, though gradually 
diminishing in all case.s, couiil still lie retained for a period vaiying 
in its lengtli witli l ircumstances. . . . The continuance of the action 
greatly depended upon the purity of the gases U8<*d. . . . The act of 
combination alway.s seeuu'd to diminish, or apparently exhaust, the 
power of the ]i!atina plate.” 

As a result of his iinpiines KHra<lay iHuicludes that it may be 
observed of thi.-* action, that, with reganl to platina, it cannot bo due 
to any j>ecullar. tenijiorary condition, either of an electric, or any 
other nature : the activity of jilate.s remlereti either positive or negative 
by the pole, or cleaned with such diiferent substances as acids, alkalis, 
or water; charcoal, emery, ashe.**. or gla.ss; or merely heated, is 
sufficient to negative such an opinion N<*ilher does it depend upon 
the spongy and )*orous. or ujioii the conijiact and burnished, or upon 
the massive or attmuiated state of tlu' metal, for in any of these states 
it may be rendered effective or its action taken away. The only 
essential condition appears to be a perfccihj clean and metallic eurfa^f 
for whenever that is present the platina acts, whatever its form and 
condition in other respects may be; and though variations in th# 
latter points will very much affect the rapidity, and therefore the 
visible appearances and secondary effects of the action, ».e. the 
ignition of the metal and the inffammation of the gases, they, even 
in their most favourable state, cannot produce any effect unless the 
condition of a clean, pure, metallic surface be also fuIfiUed. 

“ All the phenomena connected with this subject press upon my. 
mind the conviction that the effects in question are entirely incidental 
and o£ a secondary nature; that they are dependent upon the 
ooniitioM of gaseous elasticity combined with the exertion of that, 
attrac^ve force possessed by many bodies, especially those wtuoh iot 
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solid,' in BQ BD^eQt degree, and'probftl|>Ij'' belongifl^'to all; ly whioli 
t])e 7 are. dra^ iato assoGiation^ more or less cipse, witl;iout,at the 
same tune undergoing ohemical combmation though often assuming 
' the condition oi adhesion; and which occasionally leads, nuder very 
' fatourable ciremnstanaes, as m the present m{^nce, to the combina¬ 
tion of bodies simultaneously subjected to this akraction. I am myself, 
prepared to admit (and probably many others are of the same opinion), 
both with respect to the attraction of aggregation and of chemical 
affinity, that the sphere of action of particles extends beyond those ’ 
other particles with which they are immediately and evidently in 
Union, and in many cases produces efiects rising into cc^iderable ■ 

, importance, and I think that this kmd of attraction is a determining 
,Pause of Dobereiner’s effect, and of the many others of a similar 
nature.” 

It will he evident, therefore, that Faraday, in 1833, and pnor to 
the co-ordination by Berzelius of the .several examples of catalytic 
Action, had clearly expressed a thi-ory as to the mechanism whereby 
■ such action should occur The theory, it will be observed, confirms 
the viewpoint expressed by Berzelius m bis later publication, that the 
catalytic force is not mdependent of tlie affinities of matter but only 
a new manifestation of the same. 

The retardation oauaed by admixture of foreign gases on the 
combination of hydrogen and oxygen was also studied by Faraday, 
Vhp found that “ the order m which carbonic acid and tliese substances 
.fleemed to stand was as follows, the first interfering least with the 
action: nitrous oxide, hydrogen, curbomc acid, niirogen, and oxygen ”, 
These did not prevent the action of the plates, ” nor was the retardation*'^ 
so great jn any case us, might have been expected from the mere 
dilution of the oxygen and Itydrogeii " Faraday found that ethylene 
decteased the action of jilatimim more than did carbon monoxide, • 
but^his result was not conhimed by Henry *, Bancroft ^ thinks this 
.fras probably due to some impurity in Faraday's etliylene. The 
retardation by carbon monoxide, however, is well confirmed by both 
■'uivwtigators. '* 

■ ' Of the explanation of retardation, Faraday writes. “ The theory 
‘bf ac^n which I liave given for the original phenomena appears to 
WC'^uite sufficient to account for all the effects by reference to known 
, ptpperties, and dispenses with tlic assumption of any new power of 
.SUK&ai. I have pursued this subject at some length, as one of great 
jp^n^ueoce, because 1 am convinced that the superficial actions of 
.4Uttbr ivhether between, two bodies, or of one piece of the same body, 

' and/the sufiions of particles not directly or strongly in combinatic^ 

bat^ming daily more and more important to our theones of ohe^i^ < 
lU ‘w^l as m^hanicai philosophy. In all ordinary cases of copibu^bn 
' ‘jf «yide&t that an action of the kind oonnd^d, oocuniog' 

1836 (iiL). SB, m ' mtk. mj. 
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[iieme, have great indueoce over the combjsal4«iu then) tilling- 
'■'■.'place.” ' ■ » •, ' ■ '■■’■' '■■_'^’ , • 

The student of catalysis no less than, for other reasons, th« sto^t 
of electro-chemistry is deeply indebted to ^araday fp# tliia 0**1?' 
orientation into the mechanism of catalytic action. ’ j; 

The isolation by Payen a^d Persoz ‘ of the etisyme diasttae fton'^ 
the extract of barley malt was succeeded by the discovery of enStlsia" 
in* bitter almonds by Liebig, and the formulation of a theory of ih) ^ 
^mode of action, which, however, in view of the preceding review of 
Faraday’s wort, is wrongly stated by Ostwald * to be the first theory 
of catalytic action. . 

In propounding a theory of catalytic action Liebig was anihiaiod, 
with the purpose of demonstrating that the Bcrsclian concept of a 
special catalytic force was superfluous. As originally expressed, the' ; 
cause of catalytic action lay in the, facility possessed by a body in; 
decomposition or combination of communicating to another body in - 
contact with it the same chemical activity or the same powers of 
combination which the body itself possessed. In illustration of tlthl.' 
property, Liebig cited the combustion of a body by bringing it into 
contact with a body which is itself undergoing combustion,.and, in,', 
further illustration, the solubility of jilatinum when alloyed wjth 
silver in acids in which normally the platinum alone remains insoluble,' 
The illustrations chosen by Licbii! can scarcely be described a» 
happy, since, as Berzelius very readily pointed out,* numerous reseafuba^ 
had already shown that a burning body was not necessary for tbp' 
production of combustion. Even cold platinum sponge was sufficient, 
to bring about the ignition and abo e.vplosivc combiuitian of hydrMa|l', 
and oxygen. On the other hand, the solubility of platinum wttw 
alloyed with silver was not to he explained on Liebig’s assumMiohl, 
since, as Berzelius emphasised, solution of platinum was not entechtd,: 
when present in alloys with iron, copper, zinc, or mercury. - v,'; 

Liebig was therefore constrainoil to modify his theory of eatslytw; 
action, hhd did so in reference to the problem of sugar fermentation, I 
The hypothesis became one of “ molecular vibrations ”, communiCabM 
by contact, to another body, thus setting up in the atoms of the aeoo^ 
system similar motions leading to reactions or decomposition^ 
the particular case of sugar fermentation, this would involve 
the decomposing yeast-cells, in the process of decompositimi, ijjfdnM 
instability in the molecules of sugsr which thereby suffer accel^i^ 
decomposition to alcohol and carbon dioxide. ' ■ f 

, The dieadvantage of the Liebig theory lies in its u>uuisailab)fitjil^| 
J^ncie 80. possible test of the theory can readily be devised, il’ jifj 

■* . ,‘iini.«(*./>*»«.,isssiiitsnjj. , ‘ 
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comprehensive, and as such has earned considerable popularity, ojring to 
its applicability to numbers of imperfectly understood reactions; but,, 
as O^ald pointed out, ^ it is of but little use as an auxiliary to scientific 
research, for the direction and suggestion of new lines of investigation. 
The theory called for^ the following caution from Berzelius: In 
science, one always loses by plausible explanations, published pre¬ 
maturely ; the only correct method o/ attaining certain knowledge 
is to be found in leaving the incomprehensible until the explanation 
sooner or later is given by facts which are so clear that divided opinxin 
upon the matter can scarcely arise. The procedure thus recommended^ 
by Berzelius was faithfully exemplified in the researches of S^onbein, 
to whom is due many of the facts of the problem of catalysis which 
we at present know, but who partook to no extent in the theoretical 
discussions as to cause 

The action of oxides of fiitrogeii in the lead chamber process 
possesses considerable histoncal interest in regard to catalysis, since 
the explanation originally put forward liy Clement and Desormes ^ 
involving a ecries of cyclic reactions, the ultoniate formation and 
decomposition of “ chamber crystals may be regarded as the first 
attempt to explain a catalytic jiroccss by what has come to be termed 
the intermediate com^Kmiid theory In all the early discussions of 
the nature of catalytic processes this case was apparently overlooked 
The corresponding explanation of the etherification process by William¬ 
son in 1854,^ involving tlic nilornicdiate formation and subsequent 
* decomposition of ethyl sulphuric acid, established the concept of 
intermediate compound formation and h'd eventually to its cxteniled 
apphcatiou to the theoretical interpretation of catalytic processes m ’ 
which the stoichiometric rclationshifis were not so definitely e^stablisbed. 

In the development of a subject so intimately concerned as is 
catalysis with the conception of velocity of reaction the researches of 
Wilhelmy,* entitled “ On the I.aw according to which tlic Action of 
Acids on Cane-sugar Occurs ”, call for special reference The import¬ 
ance of the researches lies in tlie fact that they wi-ro the first successful 
attempts to study the operation of tlie time factor m cliemical reaction 
'Wilhelmy showed witli reference to the hydrolysis of cane-sugar that 
"the rate of lorersion was at any moment proportional to the amount 
of C^e-8Ugar undergoing transformation, m stnet agreement with the 
rnathematical equations which he developed from gimeral constdera- 
.tioW- The research, moreover, is the first successful attempt to 
establish the law of mass action in h quantitative manner, W'ilhelmy 
jurthet, studied the influence of temperature and concentration of 
acid in reference to reaction velocity, without, however, coming to 
aajp important conclusions At the close of his research Wilhelmy 
remarks: “ I must leave it to the chemists to decide, whether and how 

* QUmh. !%«., ISMtui.), 40, * Pom ISOO, St, 41^ 4^; 
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far the {prmak obtaioed are applicable to other ohemicai! proceasea; 
in any case, all those processes to which one ascribes the operati(»i of 
a catalytic force seem to me to belong to this class.*’ As Ostwald 
has )}ointed out, the research was overlooked by numerous later in* 
vestigators, and it was not until the attention of men of science had 
been directed to the work by Ostwald * that it was recognised that 
Wilhelmy is to be designated the discoverer of the laws of chemical 
reaction velocity, since the formulai wliich he put forward were sub¬ 
sequently shown to be applicable to a number of chemical processes. 
The extension of Wilhelmy's work was undertaken by Lowentbal and 
Xennsen,* who showed that the velocities with which the acids invert 
cane-suga? is proportional to the .strengths of the acids. The influence 
of temperature on reaction velocity was successively studied by 
Berthelot,® by Harcourt and Eason,^ and later still by Warder,® Urcch,* 
van *t Hoff, Arrhenius, and many otln'rs. 

Ostwald claims to have introdue(‘d the conce))t of reaction velocity 
as a definite criterion of a catalytic proccvss by his insistence, since 1888, 
on the point of view that the cataly.st is to be regarded as accelerator 
(or inhibitor) of a reaction already taking place, in contradistinction 
to the concept that a catalyst can initiate a reaction. In agreement 
with this idea, the hdlowing definition of catalysis was put forward 
by Ostwald; ‘‘ Catalysts arc substance.s wliich change the velocity of 
a given chemical reaction without modification of the energy facton 
of the reaction.” It is claimed hy Ostwald for this change, slight 
though it appears, that it has yiehletl iinfsirtant results in the scientific, 
development of the subject, since it lias facilitated exact investigation 
'of the magnitude and character of such acceleration. The point of view 
thus put forward does not enjoy universal acceptance. Sefafinbein, 
J, J. Thomson, H. E. Armstrong, and Duhem have all indicated 
their opinion that a catalyst may actually initiate a reaction. 

Of the early efforts in the study of catalysis there remain for con¬ 
sideration those which have reference to the influence of the catal^t 
on reversible processes. As early examples among these may be 
cited the researches of Lemoine® on the decomposition of hydriodic 
• acid, as a type of a heterogeueou.s catalysis, and those of Bcrthelot* 
on the equilibria attained in esterification processes, as a type of honm- 
geneous catalysis. 

Lempine demonstrated that in presence of platinum sponge the 
decomposition limit at 350° was 19 per cent, attained pnctically 
immediately. On the contrary, operating without a catalyst at the 
lame temperature under a pressure of two atmospheres, a limit ni 

^ J. pr, Chenu, 18S4. 29, 3S5. > IM., 1862 (i.). 85. 321. 401. 

* Cempt. ntid., 1S&4, 59, 616 el feij .; Ann. ChitL Php$., 1869 (tr.), II, 146.' 

* KML Tmnt.. 1^7, m, 117. • Arntr. Ciem. J., 1881, 8. 903, , 

• 1883, 16, 763; 1884, 37, 21651 1887, 90, 1836. 

' CAcMuMke BntraeMnnjen. Die AttU 1896,17o. 1, 

• An, C«m. Pkyt., 1877 (t.), 19,145, * BnU. Bk. OUm., 1879,84. 842. 
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Bertiielot' ^tablished the same iodc^ndence of the equifibrii^'- 
state in the e^rihca^on of alcohols hy acetic acid^in the absence,' 

• and in presence, of trwes of mineral acid catalysts such as hydrochloric 
,OT Bulphunc acid. At the ordinary temperature the equilibrium state 
waft reached with equivalent initial concentratyms of alcohol and acid ' 
when 66 per cent of the alcohol had been .converted m either case, 
the time required, however, involving years of contact m the absence 
of catalysf as opposed to a few hours m presence of the mineral aci^- 
In the subsequent theoretical discussion it will emerge that the role; 
of the catalyst in the question of equilibrium has a very considerable 
significance, and has therefore been the object of numerous investiga¬ 
tions. The manifold directions which those have assumed necessitate 
special and individual treatment not consonant with an historical 
.survey, and consequently further diacu.ssion will not be intruded at 
this juncture . 

From 1880 oiiward-s the studios of catalytic reactions rapidly 
‘.Inultjpliod They were concornod with all the many-sided aspects 
, of the problem On oue hand, investigations yielded advance in the 
knowledge of theoretical principles underlying catalytic change. On 
% other, carefully conducted mvostigations added to the list of 
■ reactions capable of catalytic acceleration, a list winch, judging by 
the investigations of Thenard * on hydrogen peroxide decomposition, 
or by the speculations of Ostwald, might well become comprehensive 
of all chemical reactions Catalytic processes were employed with 
Signal success in the studies iiiaiigiirated by the thegry of electrolytic 
diWciation of Arrhenius and m the development of modem physical 
chemistry which resulted from tliat theory and the theory of dilute 
•solutions of, van't Hotf At the same time there was developing, 
constantly and consciously, the application of catalysis to industrial 
enterprise, which has yielded results the importance of which can be 
adjured from a consideration of tlie manufacture of synthetic indigo, 
■,of contact sulphuric acid, of synthetic ammouia, or of the modern 
hydrogenation of fats, 

;i, It is to |ihe many features of all such develojiments that attention 
.#fll,''ni the succeeding chapters, be directed ' 
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CHAPTER II 


rulTKUlA OF CATALYSIS 

[n the preceding chapter relative to early history of catalysis iV 
ass been shown that a large number of reactions proceed in 
arcsence of suitable agents, which, following the nomenclature of, 
Berzelius, are callwl catalytic agents, the reactions themselves beiog. 
jpoken of as examjdes of catalysis. Thus far, however, no 
lefinition of catalytic action has been laid down, and little has beett 
jaid as to criteria of catalysis beyond the definition attribute . 
Dstwald, in which the acceleration of a reaction l>y the presence^A. 
given substance is regarded as a criterion of catalytic action. In ordar/ 
therefore, to delimit the field of chemical science with which this SWVoy' 
is concerned, it is necessary to proceed to an examination of the various 
tests which may be applied to a given (‘heinical oiieration in ordo:f toi, 
ascertain whether, in the process thereof, the phenomenon olcatalysis 
intrudes. The criteria thus laid down it will he advantageoiia 
illustrate by reference to tyjjicul examples and to the research wtffk; 
which has been conducted with a view to verification. ; 

The fundainental characteristic of all catalysed processes 
they fte reactions wliich, in the thermodynamic stmse, are classed' 
spontaneously occurring ])rocesse8. Tliat is, they are reactions wMoli 
occur with diminution of free energy. Any such reaction V^hi^h'^if 
accelerated by the presem'o of an added substance may be classed ^'41 
catalytic action, and the agent added may be regarded as the oattal|^ 
or catalytic agent. The catalyst therefore operates to produce 
briiun, in a system removed from the equilibrium state, more 
than this would be achieved in the absence of the catalystr Th^ 
characteristic limits fundamentally the range of catal^CoOfftfe 
ThuSi while it encourages a search for catalysts which witt 
Combination of nitrogen and hy^liogen to the e;xtont which 
ph^co-chemical studies have shown to be possible from the 
dynamic'data in question, it discourages definitely a^S^ich^tf^ 
ace^tating .a^nts for* reactions opposed to the normal fr^ot’iartr^ 
.^mlatM^hipa of the reaction system^ Seaich^js useless for 
'ag^^hioh shall transform, for example, large 'quantities 
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at room temperature, into ozone, since the equilibrium coQc«iittat«on 
of ozone in presence of oxygen, at room temperature, is vanishingly 
small. Similarly, it is not possible, with the aid of a catalytic agent, 
to achieve, at given temperature, an equilibrium concentration of a 
jesultant equal to th^t prevailing at some other temperature, if -the 
equilibrium concentration vanes markedly with temperature. More 
concretely, we may say that, m the production of nitric oxide from 
nitrogen and oxygen, it la not possible to achieve with the aid of a 
catalyst, at lower and more practicable temperatures, the equilibnum 
concentrations of the oxide winch are normally obtained at the high 
temperature of the electric arc. For, such concentrations^ would be. 
greater than the equilibrium concetitrations at the lower temperature 
concerned, since the combination of nitrogen and oxygen to form 
nitric oxide is endothermic, and the catalyst would be therefore 
employed in achieving a reaction in opposition to the normal free 
energy of the process It should be demonstrable, m all the numerous 
types and examples of catalytic procc,sse.s discussed m the following pages, 
that they are reactions uivulvmg a dimimition of free energy, reactions 
progressing towards the normal equilibrium condition of the system 
The cntenoii of velocity increase is an essentially practical cntenoii, 
for on this is based a differentiation in catalytic eftinoucy From 
the practical standpoint, the addition, to a reaction system, of a 
substance which has no influence either on the equilibrium or on the 
speed with which equilibrium is attained is without interest, although 
from the theoretical standpoint interesting problems might involved 
Catalytic efficiency will be judged either by the relative accelerations 
produced by equal quantities of adiled catalytic agents or by the 
relative concentrations of added agents which are required to produce 
:& given acceleration The meelianism by which the acceleration is 
produced in the two cases may be entirely dilferent Furthermore, 
relative efficiencies may vary with variation in the [diysical conditions 
. under which the reaction is earned out These two factors may be 
illustrated conveniently by the so-called water-gas reaction, 

\ (:o+irjO=co,+Hj, 

with two catalytic agents copper and oxide of iron Over the range 
^”-300® Cf copper is more efficient than iron o.xidc as a catalyst for 
this reaction.^ Above 300® C , however, iron oxide is quite defimtely 
the mote efficient, and, m the region of 400°-450° C, equilibrium 
conversions arc readily achieved. With copper, at tliese temperatures, 
relatively low and decreasing efficiency is found. Armstrong and 
, Hilditch show that this varying efficiency and order of efficiency may 
bo attributed to the difiering mechanisms whereby the reaction in 
^question is achieved. Whereas, m the case of copper, the products 
appear to be formed via formic acid as an intermediate sti^e, id the 

' ArmitroDg and HildHch, Pne. Rof. 80a., 1990. OTa, 266. 
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pte>ence,of iron oiide »n nlternate reduction of tlie oxide by onrbdn 
monoxide end oxidation of-the reduction product by steam epprently 
occur, ’ It is evident from this, also, that mechanism cannot be involved 
in the criteria of catalysis. 

Certain additional observations of facts i^ regard to catalytic r 
processes may now be made. The catalytic agent is present in the 
reaction system on completion of the reaction process. If, therefore; 
the reaction products be removed and further (jnantities of the re¬ 
actants be brought into contact with the catalyst, the process can be 
repeated and the sequence thereby continued indefinitely. Herein 
lies one of the principal practical advantages of the catalytic agent, 
since it ensures that, with minimal amounts of catalyst, large quantities 
of the reacting substances may be tran.sformed. So long ago as 1806, 
observation of the cyclic nature of the reaction of oxides of nitrogen 
in the lead chamber process of sulphuric arid manufacture led CWraent 
and Desormes to this conclusion, which is universally valid in all cases 
in which the possibility of secondary reactions is c-xcluded. These 
latter, however, arc by no means infreipient, and so it is comfnon in 
the literature of catalytic agencies to refer to the “ life " of a catalyst. 
This may be slated in a variety of ways, all of which, however, are 
referable to the ratio of reactants transformeil lo catalytic materiel 
cmiiloyed. 

In illmstration of the several points thus rai.sed in connection with 
the quantity of catalyst reijuired for the transformation of reacting 
substances, the following examples may be cited. Bredig has pointed 
out that the combination of hydrogen ami oxygen at the ordinary 
temperature could be brought about by --o c c. of a colloidal solution 
of platinum containing as little as 0-17 milligram of platinum, and 
that, at the outset, the, rate of combination was l-dc.c. of gas per minute.' 
After a period of time during which Kt litres of gas had undergone, 
combination, it was found that the activity of the colloidal solution 
was still unimpaired, the velocity of combination being, within the' 
exjwrimental error, identical with that jirevaihtig at the commence¬ 
ment. Mellor * cites the observation of Titoff “ that the presence of 
O-OOOOOOOOOOOOl N.CuSO, solution is sufficient to produce a per¬ 
ceptible acceleration of the rate of oxidation of an aqueous solution 
of sodium sulphite. 

Sulphuric acid is the usual catalyst for the dehydration of alcohol 
to yield ether. As operated in modern technical practice, secondary 
reactions are practically excluded, so that an initial quantity or- 
snlphuric acid is sufficient for the transformation of large quantities 
of alcohol. In the laboratory, and also in less modem types of t^hmoal 
plant where the control of the process is by no means so certain, it u 
a matter of common observation that, in addition to the etherification, 
process, tide reactions intrude, manifested by charring of the organie 

‘ Citmcal Shliu oirf D/mmiai. * UtiUeh- Cim., 1803, W, «J. ^ 
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’'«aeb oiKtunatpnces the'catalyst shows' a st^Iy 4 iniip 8 hiDg' ^ci^y, 
-W^thjit, soohet or later, replacement of the‘acid becomto'hec^^;’ 
^S.tich s& ezanrplfi illustrates the importance of the prohlam of ^^ 4^5 
,‘redactions to the maiQ^catal 3 rtic process m the technical application oi' 
.eatslysb. It will emerge later in the discussion on “ catalyst j[M)isoQ 8 ”; 
.•'that m such Cases as the contact sulphuric acid process, the s^thesis 
'(Of ammonia and its oxidation to nitric acid, as well as in many othef- 
..reactions of technical importance, the essentials of success are to a 
.'considerable degree governed by the elimination of materials which, 
,hy reaction with, or modification of, the catalytic material, suppress 
’,pr4ctically entirely the activity of the catalyst Such side-reactions 
''eliminated, however, technical catalysts are oftentimes very long 
li^^. Examples are known of contact masses m sulphuric acid 
manufacture in winch the platinum catalyst lias remained efficient 
'during a period of ten years of manufacture, being finally discarded 
' rather by reason of high resistance to the passage of the gases than for 
lois of catalytic activity 

In heterogeneous catalytic reactions the pliyaical condition of the 
'‘catalyst may be modified as a result of its participation 111 the reaction 
'.process. In many cases, such cliunge in physical condition is a 
' tteceesaty preliminary to the attainment of full efficiency. Doberemer’s 
’platitum ^ire becomes covered, after reaction, with a finely divided 
'deposit of metallic platinum, or corroded or pitted m the proccas of 
ca^lysing the hydrogen-oxygen combination Tlio same jihenomenon 
is observed in the case of the platinum wire forming the gauze used 
,08 catalyst m the modern technical process for the oxidation of ammoma 
with air or oxygen, and Bone bus illustrated its occurrence in the eni- 
,,'ployment of silver gauzes m surface combustion processes 

The change in physical state of the catalyst is generally attributed 
'to its activity in a senes of cyclic actions in which the material 
j^rfcicipates, the final reaction of the cycle resulting, however, in the 
.^fegeneration of the catalytic material in its initial form Thus, in the 
f well-known action of manganese dioxide m promoting the decomposition 
wf'pol^ssium chlorate with evolution of oxy^fen, it has been observed 
imtmlly a crystalline form of the oxide be employed, the final 
. hl^uot is manganese dioxide m the form of a fine powder. The 
.^rftwarohes of Sodeau^ liave associated this change m physical state 
the participation by the manganese oxide m the process of chloAte 
r^§ 90 mpo 8 ition. . Langmuir ^ compares the changes that occur in the 
• j uttyfa cftg pi metals used as catalysts with the “ offsetting ” of tantalum 
‘Ih^ente^ or imptoperiy made tungsten filaments, when run in lampa' 
j'iun. alternating current The offsetting consists of a flipping of t^' 

, |>ry^tals of the metals along the boundary planes, and, in estretna cafiaiJ' 

UA, See., 1900, 77 .137.717; 1901.7«, S47. 9391909. tt. lOOS. 

* rraiu. farad. Sea., 19S3,17,61& 
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on ol^eraatii^! current. ' Introduction of gates iiteiiaifte& ’tW 
eff^,. langmuii concludes that, in all these oases, thg ditintfgra'lion 
is to be aistibed to sudden fluctuations in temperature between adjaewt^ 
atoms in the metal. . , 

Catalysts and equilibrium.—We may now turn our attention to' 
the question of equilibrium in catalysed reactions. It will be useful 
to consider the problem fundamentally, in reference to a'perfectly 
general reaction. Let us assume a reaction between a moles A at|d’ 
h moles of 'P to yield c moles of C and d moles of D. Let a con¬ 
centration of X moles of the catalyst X be present throughout thd ! 
reaction process. We may e.\press this jirocess by the equation y 

aA+hli + iX-cC + dO i-xX. 

For a dilute gaseous system, obeying the gas laws, it may readily hi' 
shown, either kinctically or thermodynamically, that, at equilibrium, .V 


■P'rxKyl^'x /‘'rxPn 
'' "P^ix 'p'nxlV 


where P refers to the partial })ressiire of the siven species at ef^uiUbpi^iar'^ 
It can readily be seen that tlie ri^ht-liand member of Expression, (I), 
is identical with tlie equilibrium expression for the non*catafys6^’i 
reaction, wdiich signifies that tlu* value of Kj, is identical for both- 
catalysed and uon-catalysod n'actions in a dilute gaseous system., . ^ 
Similarly, for the same reaetiou occurring in an ideal solution, it 
can also be shown that, at ecjuilibriuin, ^ .v 


iWf.xA/ix.Ufv 


Ml'xM,, 




where M refers to the mol fractions of the S(!vcral spcciiM at equilibriumlv. 
Correspondingly, for a very ddutc solution in which the laws of.dijg^'' 
solution hold, we obtain , ,, (I 


Kc 


CfcX (f„X_(fx 
"'&ax&bxCx' 


<frx cIj 

(•“axCn’ 




;Whct 0 0 refers to the molecular concentrations of the several sproien 
at equilibrium. In these cases, also, it is manifest that the equilibrilUn,^ 
coBstanto remain unchanged in the catalysed process of that the'i 
oataljpt'does not alter the position of equilibrium in systems emupos^^, 
of itol or vety dilute solutions. ' ’'- 'ilS 

' -i'Aotual teaotiqp systems deviate to a greater or less degree 
|4a itM; ay^ems which we have just discussed. For this reason, 

. has general in recent years, in discussing problems of nheialjlll 
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equilibrium, to employ the concept of the actiyity of a reactipn species 
m place of one or other or all of the concepts possible" with ideal 
systems.^ The activity of a species may he defined essentially by the 
equation 

^ -f4= + C^, . . . (4) 

where is the molal free energy of the substance A under given 
conditions, is its activity, and is a constant which may be arbi¬ 
trarily defined The increase in free energy when a substance changes 
from one set of conditions to another is given from Equation (4) by the 
expression 

. p) 

where and a^- represent the activities in the initial and final stages 
respectively and represents the increase in free energy accoin- 
panymg the change The essential criterion of a condition of e([iiilibnnm 
in any system at constant temperature is that the free energy change 
accomjianynig any process occurring shall he ^ero For the reaction, 
aA + hIi^v(Udi). 
at the condition of cqmlihriuin, 

aF_i + hFii^-rF,+<l (li) 

By combining Equations (4) ami ((>) W(' therofure ohfain 
dRTlna^ + (iCj[ + bI{ Thui ^ + li(' n 

c/^ riltUi' l- ('C(• -i- (IR i hidii-t iK’i) (7) 

or 

or, since by dofiiution the qiiantif les on the left-tiand aide are constant, 
we may write for any givim 1ein|>craturc 

A' ^ 

a\ X 

where K„ may be termed the equilibrium constant in terms of the 
activities of the reacting constituents Tins equation is independent 
of any simplifying assumptions and may be rcgaided as perfectly general 
for any chemical reaction 

Now this equation has been derived from considerations of the 
initial and final states of the system independently of any mechaiuBra 
whereby the process is achieved Hence it follows that the activity 
constant Ka and the free energy change for the reaction, must be 

> For Ik (leoortl tri>iittiipiit of tlio oowcjit of aotivitv, sw Taylor, Trtafite W Pkfuul 
CUnulry, ohsptrre viu siid iii (I) xmi N.Btnmd A Co, New York, 1924. MmcdiIUd it Co., 
London, 1926), or L:wu *ml K*nd4l, TkermodifnamKt and Ckemulry (McUtaw-Hili Co, 1923)r 
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uiaffectjd by Ae presence oriray subst^nee oocurring 
of the ^Q&tipni, provide^ the eqMon is utbcrwise unejiiiti^. Thit,^ 
be tnie for & gasebus mixture passing over a solid catalysVwhhjh 
is unchanged on completion of the reaction process. The equilibrium 
partial pressures of the gases issuing from theiieaction zone will be, , 
'iden^cai with those which would be yielded at equilibrium from the 
same gas mixture in absence of a catalyst. In all cases of this type, 
it is clear that the catalyst cannot aflcct the equilibrium in the gas, 
phase. No cme is hnoifn in which a change, in equilibrium has been 
experimentally dmonstralcd in reaclicns of this type,* 

, In homogeneous systems involving a catalyst it is, however, 
possible that the equilibrium concentrations of a reaction system may 
be modified by the presence of a catalyst. It i.s possible to indicate 
how this occurs. If the activity of the catalytic agent remains un-*,!; 
changed throughout the reaction, the derivatiou of Equation (9) 
indicates that the equilihriutn constant A'a remaina unchanged-in 
presence of the catalyst. The catalyst, however, may have widely, f 
varying effects on the activities of tin* several reactants; in such case, 
the mol fraction.s or the molecular concentrations of these sevowl 
reactants may have appreciably difTerent values from those obtaining 
in the absence of a catalyst. It is to tliis varying effect of a catalytio 
agent on the activities of the individual reacting 8|H‘cift8 that most' 
of the abnormalities in the determination of e<{nilibria in the presenoe bf 
catalysts are to Ih* attriluited. Tlit* eifeol, is ]>articularly apt to occuT.ilf 
equilibria whicli involve electrolytes either as reactants or as catalysts. 

Eijuilibriuin d<‘tenninations in j)rores.se.s of e.ster hydrolysis may 
be cited in illustration of this factor. Jones and Lapwortb ^ iU'^, 
vestigated the erpnlibrium constant in the hydrolysis of ethyl sce^te^ 
using hydrochloric acid as catalyst. It was found that the vali^ : 
obtained for the equilibrinm constant in terms of concentrations of 
the reacting apocies varied acconling to the amount of catalyst . 
employed. The api)ended diagram (Fig. 1) gives a plot of the ■imluea^ 
of the apparent equilibrium 

[HsOHClM^OOAl 

ICjHsOHfOlJaCOOHr 

where the brackets indicate mnl fractions. It will thus be seen that \ 
the value of 'F( = 4) obtained by Berthelot and Paen de St. Gilles f<» L 
such homogeneous liquid systems in presence of traces of acid catalyst^ 
rises steadily with increasing concentrations of hydrochloric aohl to , 
valnes in the neighbourhood of 9. This is to be ascribed to the 
induence of the acid on the activity of the water, and, probably ifccf 
extent, the other constituents. The activities of these .qAlr v 


stituents are themno longer proportional to their mol fractious. 

are obtained for T. If the equilibrium constant Ka Ikeml'p 

' . .Vj# 

‘ 1. ■ .. * 1911,». 1427, 
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culculated from the several activities in presence of varying con¬ 
centrations of catalyst, a real constancy would be observed. Similar 
measurements by Armstrong and Worley^ also show the dependence 
of the end-poiiit in acid hydrolysis of esters on the concentration of 
-acid catalyst employa-l The variations observed are determined by 
the influence of the acid on the activities of the several reacting species. 
The introduction of the concept of activity into the mathematical 
treatment of reaction velocity has been given most comprehensively 
by Lronsted.^ Details of this will be given in a later chapter on the 
Icmetics of homogeneous catalytic actions Bjerrum® has pointed 
out that Bronsted’s equation, involving activities of the several 



molecular sjiecies. really involves the (oncentration of a reacting 
complex formed by collision of those reacting species 

The more closely a reaction sv-slem a|]proxima1ea to that of an 
ideal system, whether gaseous or m solution, the more nearly independent 
of either,,the catalyst employed or the concentration of catalyst does 
the equilibrium become As the (oiulition of ideality is approached, 
the more closely pro]'ortioniil are activity and concentration. That 
this 18 approximutelv realised in some circumstances is evident from 
the researches of Koelirlieii * on tlie reversible transformation of 
acetone to diaeetonyl alcohol 

SCHjCOOHa - CHjCOC’H, 

> Proc Hoy So(. IHI2, 87»,liU4 

* Sor I'Apccially 2 'iI/kA phi/nitnl Chtm . ID2^, 103 lOU 

* 2ii<kA. jAytM Vhtm . 1023,108, 82 ‘ Zttbdi iikynkaL Chtm, 190(i SI. 129. 
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The reaption is catalytically acceleiated by hydroxyl ions. The sax&e 
equilibriom state is attain^ from either side by such varied agents as 
ammonia, tricthylamine, tt'traothyl ammonium hydroxide, and sodium 
hydrate. Turbaba,^ also, varied the catal>'tic agent in the aldehyde- 
paraldehyde equilibrimn, showing that with hydrochloric acid, sulphur 
dioxide, oxalic acid, zinc sulphate, and other agents the proportion trans¬ 
formed was independent of the nature and quality of the catalytic agent. 

There are few direct experimental demonstrations that, in gaseous 
reactions at a solifl surface, the eijuilibrium jujsition is unchanged. 
Lemoines data on liyiirogen iodide decomposition at a platinum 
4 surface and in absence of sucli Imvc already been cited in the preceding 
chapter. Of indirect evid<*ncc, howevi'r, tlic literature is full. Every 
case in which a .sluft of c<|uihbrium 1ms be<'n suspected has been shown, 
on closer examinatiim. to be jpnte normal Thii.s, Jellinek* suspected 
that ammonia in ex<-i'ss of th<‘ normal eipiilibrium concentrations 
might fie olitainmi from nitrogen-hydrogen mixtures in presence of 
catalytic iron. A most far(‘fiil study by Larsen ^ has failed to reveal 
any indication of this what*‘vcr. It was suspected hy some that the 
experiments of Milligan, ('happeli. and Held ^ on esterification of 
alcohol-acetic acid vapours in jircscnce of silica gel indicated a shift 
of the esterification equilibria, sim-e yields considerably in excess of 
tit) ]ier cent ester were obtaini'd. This susjiicion was unfounded. It 
aro.sr from a confiiMon of the eipiilibnum state in liquid Hystem with 
that in the vapour phase. Ilertlielot and Laeii de St. tlilles had shown 
that, in iiquni sv.stem, the e<jiiihbrmm jiosition lay in the neighbour- 
liood of bO per cent ester formation from equimolecular ([uantities of 
alcohol and acetic acid, liiit, a.s was recently shown by Edgar and 
ychuyier,^ in the vapour pha.se, the cijuilihriiim point is much mora 
markedly on the ester side. 

There <‘Xist.s. however, a wealth of iixlin'ct evidence that the solid 
catalyst doe.s not shift the i‘(]udibrium in a gaseous reaction. The 
concordanci' which cxi.sts l)(*tween the thermo<lynamic calculations 
of equilibrium in a variety of gas nactions and tlie direct ex|>erimental 
measunmients of the e<piilibnuni. mo.st of wliicli have been achieved 
with the aid of catalytic agents, is at mK.a? a convincing proof that 
equilibrium is indepmident of the catalyst. Tlius, for example, the 
equilibrium in the Deacon chlorine process as determined by Lewis* 
and by von Falkenstein ’ with the anl of catalytic agents, may be 
harmonised completely with the thermodynamic data for the proc(^. 
Or, alternatively, the values obtained for the equilibrium in tbis 
reaction may be utilised to evaluate free eneigy functions of the 
reacting species, which data may in their turn be used for other oalcula- 

* Zaheh. 1001, 30, MS. ' ZeiUch. atwrf/. t'hem,, 191). 71.191, 

‘ J. Atm. Chm. Sor., 1923, «, 2919: 1924, U. 387. 

• / 1924. 98. 872. ‘ J. C*B», to., 1924,4«,»4, 

' /. Aatr. Ckm. .to.. 1900. 23. 1380. ’ Ztilich. pAguM. Chtm., 1097,39,199,. 
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tione, all of which hy a sTstem of check; and croas-chedi can. Ijp ghown 
t<r be in complete agreement. It is in tjiis manner that ^e • tobst 
deciMvo conclusion as io independence of equilibrium and j»taly6t in • 
such gaseous systems can be achieved. The number of such examples 
is 'steadily increasing i* the thermodynamic literature 
■ There follows from this discussion of the catalyst and equilibrium 
the very practical conclusion that, m a reversible process, the catalyst 
must accelerate both the forward and backward reactions In such 
lystems as^ show no shift of equilibrium with catalyst employed, the 
latoe proportionate acceleration will be produced in the inverse re- 
lotions. A hydrogenation catalyst will also be efficient in the reverse, 
iehydrogenation. An esterification catalyst will operate also as an 
igent dor hydrolysis of the ester Numerous examples of this feature 
vil! be found in the subsequent chapters 

Solvents and catalysis.—What lia.s been said in the preceding 
lection with respect to the influence of the catalyst on the activities 
)f 'the several reacting species, and therefore upon the ])osition of 
■quilibnum, can be applied also to the iiiliuence of the so-called 
‘ indifferent ” constituents of the reaction system Among these 
‘ indifferent ” constituents the solvent is of first importance So 
long as the system is ideal the solvent will be without influence on 
equibbrium But, in so mucli as the solvent or any “ indifferent ” 
’•constituent e;^crci3e8 an inlliience on t!ie activities of the reacting 
apecics, by just so mucli will its influence on the jiosition of equibbrium 
, be felt. There may exist a whole senes of systems m which an added 
agent will vary at the one extreme from a catalyst, normally so called, 

. to the other extreme in which it is commonly regarded as a solvent, 
and there will be nothing in prineijile to distinguish the eatalyst in 
the one solution from the solvent in the other Thus, a little ether 
^ may act m benzene solution as a eatalyst for tlie reactions of the 
-Grignard reagent * By increa.sing the concentration of the ether 
f'.COlitiiiuouBly, a state of affairs may be obtained in winch the ether 
may justly be regardi'd as tlie solvent In principle or mechanism 
, noGung has been changed. Only in its quantitative aspect has the 
' system undergone change In each case, reaction will be measured 
^..by the activities of the several molecular species 

Since the activity of a substance in solution can only attain certain 
''•limiting values dependent largely on the solubility of the species in 
I Ahe given solvent, it is apparent that, from this cause, a solvent may 
.■'exercise a directive influence on the course of reaction Thus, in 
!,''aqueous solution, potassium iodide precipitates merenne iodide 
. a polution of mercuric chloride In acetone solution, on the contrary, 

, mercunc iodide is quite soluble, whiie potassium chlondo is insoluble; 
;’^hhiice, addition of mercuric chloride precipitates potassium chloride 
acetone solutions of potassium iodide. . > 

‘ Tschelmeff, Btf., im, 8^ 366i. 
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1 ^ -ptb1>lem M the solvent lia’the motion proceae may nlsQ-llt| 
exaraidtd from the standpoint of the solvation of the roactiog. spdtifes;^ 
If a r^ctadt, A, undergoing change, forms, in a solvent S, a solvated,! 
molecule, the equilibrium condition being represented by the equaljptt'^ 

' + nS = ,1. JiS, 

the solvent may exercise a profound influence on the rate of change,: 
If unsolvated A alone undergoes reaction, then presence pf the solvent ii 
S will lower the specific rate of reaction. If the solvated molecules,,* 
A.nS, are reactive constituents, several jmssibilities may arise.., 
The observed reaction rate will depend on the value of n, which wiU‘,j 
influence the reactivity of the solvated reactant. The rate mfjy also . 
vary with the nature of the solvent S, and, whether due to the reactivity 
of either A or A . nS, the rate will also depend on the value of the ' 
equilibrium constant in the above Solvation equilibrium. t 

Bjerrum has discussed some of these factors in a recent pspet.l'^i 
He. points out that the enhanced eatalytic activity of hydrogen ions ‘ 
in presence of neutral salt.s, first noted by Arrhenius, can bo explained 
on the basis of varying hydration of the ion. If the ion in the inter-'! 
mediate complex formed by collision of the reacting species and the ,■ 
hydrogen ion have a smaller water content than the ion in the solution, ' 
the Arrhenius effect must result. Bjcrriim points out that, if the 
■dificrcnce in the two amounts to n moles of water, then the catalytic 
activity will increase, with decreasing vapour pressure of the solution 
p, to an extent proportional to ifjp)", where p„ is the vapour pressure 
of pure water, ^ 

Bjerrum further points out that, besides these, catalytic effects 
which may be associated with the formation of definite chemical 
compounds, and in which the, catalyst, so to say, opens up a number 
of parallel reaction paths, there are certainly cases where the presence 
of materials foreign to the actual reaction jirocess may actually exqrt 
an influence on the reaction speed without actually entering into 
combination with the reactanis. These act by virtue of the moleeoUr 
forces which they exert on the reacting complex, changing its form 
without the production of a chemical compound. A deformation of 
the reaction complex may occur which may have marked influenba' 
on the velocity of rearrangement of the .complex. There, is sotns 
evidence that such deformation catalysts are present in some catalytic 
gas reactions. Bjerrum points out that the relationship between, 
deformation and activity will be slight. The activity of a substancd 
at thp same concentration is known to be greater in poor solvent^ tiia¥ 
in good solvents. But it cannot thereby be concluded that the 
stance will react mote rapidly in the poor solvent. Rather should ohej 
bonclnde that the reaction will proceed more rapidly in the good solveht^; 

* ZtUkh. 192^, lOS, 83. 
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because, in tins case, the greater solubility is arv index of- greater 
molecular forces which may influence the velocity of change by 
deformation. 

Mensebutkm ^ atteu]])ted to trace a relationship between the di- 
electnc constant of thi, solvent medium and the velocity of interaction 
of tnethylamme and the ethyl halides in various solvents. Some of 
his results are recorded in the following table 


■ Solvent 

. VcIcHilv I'oii-clutit 

lluli'iWlc t'oiotalit 

Hexani- 

O'lJIIIIlH 

20 

Xylene 

0 00287 

-Mi 

Boozeiie 

0 00.',84 

2 0 

Ethyl alcohdi 

Methyl ukuliol 

OOlKili 

21 7 

0 0.'>|ll 


Ace tone 

OfMiOS 

21 8 

Benzyl alcohol 

0 i:j.jo 

100 


It 13 evident from this table that tins j)fiysiral jiroperty alone is 
inadequate to explain the whole of the vnriation in velocity 
' Her, 1882, 15, 1818, /f.iv/i phii'ikui i'li'm. |HS7, 1 (ill. IS'K) 5 IS'I IS'iii, 6, 11 
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IJOMOOBNKOl’S JtKACTTOXS 

Gas reactions.—Tho probh^n of tlu* iiK'cfuinisiu of liomogcneous gas 
reactions is in reality not s<> sim])le as would h*’ imagined from a direct 
interpretation of tlie- ‘‘ order " of tln‘ reaction. 

There are, for I'xample, numerous example.^ of reactions which 
arc apparently unimoleeular in eliaracter, ami it was. as we shall have 
occasion to observe, on the hypotlu“'is that a unimoleeular constant 
for the reactioi\ velocity was a true criterion of a unimoleeular re¬ 
action that led Ih^rin to his formulation of tin radiation hypothosis 
of chemical action. Aj»art fnuu the radioactive transformations, 
however, very few true unimoleeular reactions exist. The decomposi¬ 
tion, of phosphine examined bv Trautz and llbandarkar,^ which at 
one time was tak(‘u a.s tin* classical example of a unimoleeular reaction, 
has been shown by Ilinslielwood ^ ti) l)i‘ a IndiTogeneous reaction. 
On the other band, the decomposition of nitrogen pentoxidc investigated 
by Daniels and Johnston'* lias recently been shown by Hirst and 
Rideal to depart from the unimoleeular law at pn-ssures below' 0*25 mm., 
but become unimoleeular again at very low prrssures. An interesting 
field for investigation would be tlu‘ dissociation of sindi compounds 
as nitrogen tetroxide, of the (liatfunic- molciudos of the halogens, and 
the thermal ionisation of vajxnirs, from the pmni of view of the order 
of the reaction. Whilst tlu' j)S»‘udo unimoleeular character of a 
number of decompositions or dissociations evidently requires explana¬ 
tion, the rarity of true unimoleeular reductions is significant. 

In the case of bimolecular reactions two ])oint.s of great interest 
emerge from observations on the reaction velocities at various tem¬ 
peratures. It is found that the number of moleculos reacting per, 
c.c. per second falls far short of the number of actual collisions 
effected between the molecules of the reacting specua. From this 
observation the division of collisions into effective ", where reaction 
results, and “ineffective”, or those undergoing ideal elastic collision/ 
may be made. Again, as pointed out by Arrhenius, the influence of 

‘ ZeiUeh, anorg. Clum., 1919. 106, 95. * ./. ^'hm. .Soc., 1924, 125, 393. 

' * J. Amer. Ckem. Soc . 1921, 48. 63. 
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tem^peratnre on bimoloculw reactions is most marlre<J;' It is fooAd 
that the temperature’coefficients of chemical reactions'.are nlv^ys 
relatively high, the velocity increasing expouentiaDy with the tem¬ 
perature. The number of collisions pet c c per second, according to 
,he kinetic theory of ggsee, is given by the equation - • 

Nt-‘2N,NM<T, An-Mfi+i), 

where N^N^, a^fT^, Wj, % are the numbers, molecular diameters, and- 
^sse& pf 'the rcaotiug rao/ccules, it is clear that the exponential 
-increase in the number of effective colbsions with the temperature is.' 
much greater than the comparatively small increase in the number of 
total collisions These results, and more especially considerations 
based upon the influence of temperature on processes of esterification 
and hydrolysis in solution, led Arrhenius ^ to the concept of “ active ” 
molecules. 

According to Arrhenius wo must jiostiilate in a reacting species 
an equiiibriiim existing between active and inactive molecules 

A' 

.Active molecules on colliHiim jiroduce cheinicai reaction, inactive 
I molecules ineffective or elastic collision The conversion of the in¬ 
active to the tautomeric active form requires the supply of energy, 
^^the energy of activation, or the critical energy iiicrcmont, the magnitude 
. oI which, as we shall see, can be deteninned m certain cases from the 
temperature coelheient of the reactioii 
. An adequate interpretation of the simjile bimolecular reaction 
' requires an analysis of the mechanism of activation and the source 
from which this energy required for activation is drawn There is, 
'however, in addition, a third complicating factor to be considered in 
’ BUch reactions, which can best lie exeinplificil as follows The heat 
of dissociation of liydrogcn is cn 84,t)iX) per grm- 0110100010 , or 1'37 
cal, per molecule Wlien two hydrogen atoms approach one 
another even at very alow sjioed-s to effect union to a molecule, the 
energy of dissociation has to be liberateil before the hydrogen molecule 
can exist It is clear that, lu the case of a “ head on ” collision, com-- 
b^nation is impossible; for. if tlie atoms are moving towards one 
linother with identical sjieeds, before formation of the molecule is' 
j[i 088 ible, both the heat liberated in the reaction and the kinetic energy 
originally possessed by tiic atoms lm\'e to be dissipated in some way. 
^jVo methods of diasipation suggest themselves the energy may be. 
dissipated in the form of radiation, or a simultaneous collision with a 
Ahitd molecule or atom may take place, and this third member may be 
shot off again with the excess energy in some form. As we shall haye,' 
:gcca^n to note, if radiation is emitted m such bimolecular reactidns > ^ 
> ZaUck. pkynhd. Ckem.. 1869, 4, 22, 18M, SB. 317 
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?e»M#ii 8 e lof^ime remoTal p£ the excija energy by a third urdMuSs-tots 
attim iij. the mternal form—for example,'in the combination of aodiobit' 
and iodine by sodium atoms—is by no jneans scanty. It would app^f' 
by no means improbable that tcrmolecular reatj^ions, or at least two/ 
bimolecular reactions occurring in sequence in a short time interval, 
are in reality by far the most common. » 


Although, as. we have seen, recombination of atoms can only occtir^ 
' either through the mechanism of a tcrmolecular reaction, or, if bi-,' 
molecular, through the emission of radiation, certain other types of 
jtrue bimolecular reactions are possible. In the case of decomposition 4 . 
of complex molecules by bimolecular collision, if the decomposition bo' 
,an endothermic process, the difficulty to which attention has beent 
drawn does not arise, whilst if the decomposition be exothermic the ' 
products of reaction can evidently dissipate the energy iu a kinetic, 
manner. i 

Again, it is conceivable, that the union of complex molecules to 
one another or to atoms may occur, such as the union of atomic oxygen,. 
chlorine, or hydrogen, to their respective molecules, through the agency/ 
of true bimolecular reactions, for, although energy in excess of the. 
critical amount required for decomposition has 10 be dissipated, a, 
mechanism of dissipation is provided in the third atom in the complei: 
molecule. , ' 

We have referred to the fact that in the union between atoms' 
either radiation must be emitted or tcrmolecular collisions must occur, 
the third body, cither atom or molecule, serving as an energy dissipaWt. ' 
Since reaction does not occur without such collisions, we may consider ^ 
this to be a simple case of true catalytic action. The researches of 
Bonhoefter * on the combination of hydrogen atoms and of Bodensteiu, . 
and Lutkemeyer ^ on the combination of bromine atoms, indicate that'/ 
these reactions proceed very much more slowly than anticipated on I' 
the assumption of, simple bimolecular collisions effecting combination. ~ 
Only one in every thousand of such collisions is effective, and this may , 
well be tcrmolecular. Beutler and Polanyi,’ however, have shown ; 
that reaction between sodium atoms and halogens and halides may,>: 
occur with an efficiency of 1 collision m 100 , and 10 * times more/ 
rapidly than can be accounted for by triple collisions. '' 

It is interesting to examine how far we can investigate the operatiom;, 
of such catalytic action. It is clear that if the catalyst dissipates the j 
energy in a kinetic manner that recombination of atoms should take/ 
place very much more rapidly in the presence of an indiflerent gas,/’ 
for the number of tcrmolecular collisions will be increased. , tn ' 
reversible reactions the augmentation of the velocity of associatioif ,1 
'!b^the ihdiSerent gas should be accompanied by the augmentation of/; 

ZtUiek. ph)»ikal.'chmi., 1924, IIS, 199. ■ liii.. 1924, tl4, 208. 

> Saltmcumuciallut, 1925, 13, 711. . , J 
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velocity of dissociation, for the equilibniim will be unaflected by its 
presence To tak<! a concrete example, if the rate of union of cblorine 
atoms be facilitated by a neutral gas, tlic rate of dissociation of the 
chlorine molecules must likewise be affected, since the equilibrium 
conditions defined by^, 



.■emain unaffected No crucial thst of this liypotliosis has been made 
We may also consider that the catalytic tiiiH'lidii of the third atom 
or uiolecule is to dissipate the energy in an internal and not kinetic 
form, and it is only those substances winch can acquire this interna! 
energy which act as catalysts As an example may he cited the union 
of sodium and iodine atoms effected by tlie volatilisation of sodium* 
iodide in a lint hunseii tliiiiu' and cooling the products of dissociation. 
An exainuiatioii of the spectrum reveals the presence of the sodium 
D lines but not those of the loiiis'ul iodine 

The values of the lioats of reaction of the various possible changes 
are given below 

Na gas +1 gas -=• Na T + 1 
Na +r -NaJi-l‘14,00() 

Nagas + i/Jj^m-Na 1+ !)-l,r)00 
Na -I (c) -> Na -i 48,.'(XJ 
r =1 +(c)-8‘2.<XX) 

1 = 1 +(e)-i8r>,iHKI 

It Ls clear from tlie data pre.sented that the energy dissipated in 
the union of sodium and iodine atoms will be siilhcient to ionise sodium 
atoms but not iodine . thus tlie .sodium may bo regarded as a catalyst 
but not lodiix' for tlie union of sodium and iodine atoms by removing 
48,600 out of 112,0(Xi eahnies in the form of internal energy which is 
afterwards re-eiuitted as visilili' radiation 

Whilst a number of supposedly homogeneous gas reni'tiuns have 
during the ])U.st tew years been shown to he heterogeneous in that 
the reactions may oceui entirely on (c i? ethylene and the halogens) 
or commence at (hydrogen and chlorine) tlie w.ill.s of the containing 
vessel, it cannot he said that the operation of a lioinugeneoiis catalytic 
gas reaction has been studied m detail It is possible that the catalytic 
influence of small traces of water vapour examined by Baker m such 
reactions as the dis.sociation of ninmomum chloride or the union of 
carbon monoxide and oxygen may prove to be true cases of homo¬ 
geneous catalysis, yet. as we sliall note, in the case of the hydrogen 
clilorine combination, it is possible that surface action intrudes Never¬ 
theless, the study of uncatalysed lioniogenoous gas reactions reveals 
some of the most intere.sting peculiarities associated with chemical 
reactions ,. 

The eae«fy o! activation or excitation.—As have noted, 
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Arrheuius was led to the concept of active and inactive molecules in 
which the equilibrium between these two tautomeric forms of the 
same substance shifted in favour of the active form with rise in tem¬ 
perature. This concept was subsequently extended by Arrhenius to 
explain the mechanism of catalytic influence,^tho- addition of tlio 
catalyst being presumed to bring about an increase in the concentration 
of the active form. 

The alteration of the velocity coefficient wilh llie tcm}>eraturo 
could be formulated in the expression 

(/ log K J'j 

dT ^ 

E being the energy re(|uired to transform one gram-molecule from the 
inactiv<‘ to the active state. 

It will be noted that Arrhenius makes no assumption as to the 
source of the energy of activation but simply postulates the existence’ 
of these two tautomeric tvpes as well as a dynamic or mass law equili¬ 
brium between them. 

Marcelin ^advanced tin* prolilem a .stage furtluT by (h*<lneing from 
the Maxwell-Boltzmann jmnciple of the distribution of energy an 
expression similar to that of Arrhenius On the as.siimption that the 
internal energy of the molecules vanes in conformity with the laws of 
statistical mechanics, and tiuit a molecule, reai’ts when it has acquired 
internal em*rgy E in (‘xee.ss of the normal," In* showed tliat tlie rate of 
variation of tlu' velocity constant with tlu' ti'inperature \voiild be 
expressed liy the relationship 

d log K E, 

dT ^ jrr- 

Marcelin's A’,, termed the critical energy tncremeni, is thus identical 
with the energy of activation E jioslulated hv Arrhenius. 

The concept of Marcelin that it is the " internal energy ” of a 
molecule whicli renders it active, is similar if not identical w'ith the 
conception of the " excited '' molecule of th(‘ ])hysicist. 

The probabilitv that a moli'ciile will n'nct after it has gained 
internal energy AV may increase with augmentation of this internal 
energy content; w<‘ shall then obtain, ad^iptmg again the hypothesis 
of a statistical distribution in internal micrgy. 

d log K Er t E 'E t- 

■ (/r HP ’ 

sinc^ Eg is usually groat compared to RJ to t^est this modification 

* Compt. rend., 19I4> 158, 161. s 

* G. N. Lewifl and •Smith {J. Amer. Chem. Hoc.. 1925, 47, 1513) awuinc that W lb« 
internal eoergy of a n-active moloculc. not thr cxcpjw above tlic average internal energy content > 
there is no jiwtifScation, however, for Ihia aasumption. 



of the equation fo^ the temperatuie coeffideat of leactiW t<^lpcif^ 
would require experiment^ <Iat8 of a Hgh order of aecuracy. * ' '■ 

■'Since the energy of excitation or activation is internal In character, 
we must inquire how this energy is acquired, a point on which neither 
Arrhenius nor Marcehn expressed any opinion. ' 

\ Two methods have been suggested, one by the absorption of radia¬ 
tion, the other by means of molecular collision of a special type, 

The radiation theory of activation.—In 1906 Trautz,^ and in- 
lependcntly both McC. Lewis ^ and Perrin,® suggested that the energy 
)f excitation might -be obtained from radiation normally existing and 
lowing through the reaction system > 

Perrin was led to this point of view by consideration of the mechanism 
)f unimolecular actions. For such actions the probability of a parti- 
jular isolated molecule decomposing within the next second is invariant, 
lince the velocity constant is independent of the concentration The 
j critical energy increment can evidently only be sujqilied by .some non- 
,material type of energy transfer such as radiation, either in the infra¬ 
red or other portion of the spectrum Trautz and Lewis were, led to 
' the same view by a supposed analogy between photochemical and 
thcrmochemical reactions. The extraordinary .simplification which 
Would be introduced into cliemistry if chemical activation were always 
. produced by the absorption of radiation is the great attraction of the 
"radi^ition hypothesis 

It was suggested by Trautz and McC Lewis that the activating 
'' radiation was monochromatic in character, and that its frequency 
could be detenmned from the energy of activation as defined by 
'Anhenius with the aid of the quantum hypothesis from the equation 

where E is the energy of activation, h Planck's constant, and v the 
frequency of the activating radiation 

Since the activating frc(iuency must be absorbed by the reacting 
system, it necessarily follows from this assumption that we can calculate 
>t-le®8t one line m the absorption spectrum of a substance undergoing 
.-thermal decomposition from the temperature coefficient of that de- 
’composition. It has to be admitted that the e.xperimenta! proof of 
‘this hypothesis is inconclusive Whilst in some cases the theoretical 
Anticipations have been verified, c g. for the decomposition of trieth]^ 
iulphme bromide dissolved in various solvents such as nitrobenzene^ 
.where van Halb<n * obtained a value of £=28,530 cals. (A cal. = I-O (i),' 
'and MbC. Lewis and H A Taylor® observed a strong absorption line 
at 1'06 ju. In the case of the decomposition of phosphine and nitrogen, 
,'Pentoiide the lines anticipated are not observed ® 

Sm kI*Q CAem., 1011, 7S. 1^0. ZeUidt anoKf CAmi., 1918) 198, 81 p' 

.1810,196,149 * J rVm Soc , 1916.109, 706. ’ ; ' 

a /tnn. Pk]/»k, 1019,11, 8, * Ztttach pkynkol 190^ TT, 129- .• 

J. Ckm Sec, 1922,181, 665. • Langmuir, J Amer Chem. Sec, 19, 0, 



' ' in wtioh the ahiwipated iilie has feeii ahowh 

to exist, it sijn tiem’ains to be proved that irradiation with light ^f 'thi«’ 
frequenoy will promote photochemical decomposition. ■ 

. Two other serious criticisms of this presentation of the radiation 
hypothesis may be advanced. As originally suggested by vant’ HoS 
and emphasised by Lindemann,* unless a light dart or corpuscular 
nature be attributed to radiation it-is difficult to see why all the 
molecules should not absorb radiation equally and all disintegrate 
simultaneously ; wc should thus be confronted with a supposed homo-' 
geneous reaction proceeding almost explosively at the surfacb exposed 
to radiation. Again, Langmuir has pointed out the great discrepancy, 
between the amount of radiation of the particular wave-length avail¬ 
able in a supposed black body enclosure and the actual amount of 
decomposition effected by it. Langmuir ^ has utilised a,s his basis of 
argument the figures for the decomposition of phosphine given by 
Trautz and Bhandarkar, which are now known to be erroneous. Watson 
has performed a similar calculation for the decomposition of ethoxy- 
oxalacetic ester, which decomposes according to the uniraolecular law. 

According to Planck the radiant energy in a black body enclosure, 
encompassed within a band of thicknc8.s SA is 


2r7V/( 


1 




<11 


In the ease of the decomposition of cthoxyoxalacetic ester the energy 
of activation as calculated from the temperature coefficient of the 
velocity constant wa.s fouml to bo 35,iS()() cals., ami the absolute velocity 
constant to be 5-37 10'* at 183’ C. Assuming a density of unity the 
energy required per c.c. j)er second is , , 


.3 5,800 X r>-37 
232 


10 - 


x4'2 10’ergs, = 3'10* ergs. 


The wave-length corresponding to the critical increment of 35,800 
calories is, according to the Einstein equation, N//v and 

A=800pp. Assuming a spectral width for this line of lOpp, wc obtain 
£»=2-l 10"’ crg./sec. Thus one sijuare centimetre of black body in' 
contact with the ester would supjily but an infinitesimal quantity of- 
the actual energy required. This discrepancy between the observed: 
reaction rate and the monochromatic radiation flow has been investigated 
by Christiansen,* and Christiansen and Kramers,* in which they show 
that the maximum rate of activation by radiation per c.c. per second 
is given by the Einstein expression 

dN ’ ' 

'''k 

I TtOtu. Farad. Soc., 11)22, 598, 17. • 7. Amr. Chm. 8oe., 42,2190. .A 

' ZtlUcli. piytiU. Chm., 1822, tOS. 81. < /W., 1823, 104, 468. . i >:• 
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where A' is the concentration of uiac^ve tnoleculee. B.pr la thi 
' probMitv per second tb&t a molecule will become active under tin 
' influence 0/ black body radiation of radiation density pi' The rate 
of reaction is likewise proportional to the number of active molecules or 

Pn 

«r 

wliere P„ and }‘„ are the a priori probabilities of luoleciiles existing 
in the active and nonrial states They find 

for large values (»f E this reduces to 
KBpr’-^ iV/l 

and, if PolPn lu‘ not very dilTercnt from unity, the rate become,s 
1: 

UAr'irr- Upv, 

where ^ is the life of an I'Xeited iiioleeiile Tins is aase,s.s"d as equal 
to 10'® secomls 

Tolniaii * has att(‘in])te(l to evaluali' li from the llolir correspoiidenee 
principle I'y means of the expiossion 


leading to viihies of li from It'''* to ]ti*^ flcncc an uji|jer limit is 
found for ami evaluaf.mg \ (or ajiproxi- 

mately -c "’’ j weolitmn I =Ca n)' fnr /? = 2ri,iM)t) calories 

Now tlie rate of a number of sii])|iosedly ummoleeiilar reactions 2 
r: f 

is of the order of lO'V’/fJ’, wlioncc a rate of Hl“c'nr, winch is the 

maximum rate possible for activation tiy black body radiation, is only 
oiic-nnlhnnth of the observed values Sevi‘ral attempts have been made 
to avoid tins difficulty I’orrm '* suggests that the light quantum is 
, re-cinitted after decomjiosition of the active molecule and passes on 
to the next If this hypothesis were trm* it is dilRcidt to ace why the 
same phenomenon dties not occur iu true photochemical reactions 
where a number of cases of the Einstein law of photo-equivalence 
have been found. Tolman ^ and llideal'' assume that the whole of the 
4 

■■ ’ .} A»itt Ch(m Noe. l!12ri, 47. ir>43. nA,/^ llev. CJ’I. ;;3<-4.7 

'* Dusluimn,./ Amer I 'hfm Noe , lOill. 43, 31*7 * Tniiu. Fantd Noe , 192i, 47, 606 

* J Amer ('ketn N,x . 1021). 42,2500. 1026.17.1526 ‘ Traiu Farad Soc , 1922, 47, 606. 
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inflowing mention is available for activation. Such an o|)cration can 
be imagined to proceed by considering the activation of molecules to ^ 
take 'place in steps, by absorption of smaller (quanta, there being a 
number,of stages corresponding to a number of absorption lines in 
the spectrum of the substance. This conception, together with the 
assumption that absorption of the energy in a particular part of the ‘ 
spectrum is accompanied by a rapid redistribution of energy so as to 
give the typical black body energy wave-Iengtli curve, accounts, as 
Tolman has shown, for tlie cxisteran' of a temperature coefficient of 
photochemical actions. We may note', for example, in tlie cii.se of the 
decomposition of oxalacetio ester at- I8-3'’ tlie energy necessary for 
activation was found to be S-O 10* ergs per c.c. per second, whilst the . 
total energy in a black body enclosure per eiibie centimetre is given by 
Stefan’s equation 

A' = 3-72 10-*'/'* or 2-4 1(1* ergs, at IH3'’ ('. 

This view, in a sliglitly diftercut form, has been advanced by (1. N. 
Lewis and Smith,* wlio liave calculated on the hypothesis of discrete 

quanta of cross-sectional area A - ,* the probabilitv of collision 

oTT 

between molecules and cjuanta, tlic foniuT iiossesHui*; a certain intornal 
energy e, and the latter of fn^quency i\ siirli that cH /fh'' 

The chanc(‘ <!>' that a moh*culc will encounter a (]uantum moving 
with the velocity of light c of any frequency iiliove a given frequency 


v' is found to be 


where 

T'p pv 

?l' Itv * 

whence 

/• T 

f j;,. ** 


The chance that a molecule possessing internal energy c will encounter 
1 . quantum of Ircquency higher tlian v' in unit, time will he 


‘'P"" 


du' 


where is the fraction of moh'cules having internal eiiorgy between 
de 

e and e+de. 

Hence the chance P that a molecule chosen at random will in unit 
■ time meet a quantum which has sufficient energy to take the molecule 
from the unactivated to the activated state. 


n) ^de'‘^’‘Ehh •de*’ 


» J. Amer. Chem. Soe., 1926, 47, 1519. 


2 Hfsi also Kiiloal, l%l. Mu^., 1920, 40, 403. 
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‘ ffiiert e is the internal energy of the molecule ftfid,Cj the ctitical value. 
l£ a molscukr system possessing no internal onei^gy except that of 
'rotation with two degrees of freedom we obtain 


dw 1 -i,7 


whence 



an equation originally suggested by Dushman and Ridca! ‘ 

A similar equation can be developed for molecules possessing more 
than two degrees of freedom ** 

It will he noted that those modifications of the original hypothesis 
are in essentials somewhat similar, in that a part of the necessary 
critical energy increment is already present as internal energy m a 
molecule undergoing activation, whilst Tolmari would suggest that 
all internal energy is sujiplied by radiation, G N Lewis merely 
postulates its existence and sees in tins a part of the energy necessary 
for activation 

On the redistrihution of mtemal energy as a meebamsm of 
activation. —In the preceding section we have examined the various 
attempts which have been made to reconcile the experimental rates of 
reaction with the hypothesis that the energy of activation i.s supplied 
by the inflow of black body radiation The outcome can scarcely 
be regarded as satisfactory’, and in consequence many have rejected 
the radiation theory in toio and have fallen hack on the theory of 
activation by collision, which we sliall have occasion to discuss m the 
hext section. Lefore this attitude can be justified it is clearly necessary 
to show that there are no umniolecular chemical reactions, because, 
although the onginal conception of Perrin, Trautz, and McC Lewis 
that the inflowing radiation was the source, of activation may be 
erroneous, the very existence of a true ummolccular reaction certainly 
demands an explanation in terms of some type of interactiou between 
radiation and matter 

, <. The only definite example of a well-established c.ase of unimolecular 
*decoinpo6ition is that of nitrogen jicntoxide, although many cases of 
evaporation and sublimation,^ and, within certain hmited temperature 
ranges, the thermal decomposition of sulphuryl chloride,* likewise 
conform to a reaction rate of the first order. 

•.The decomposition of nitrogen pentoxidc has been the subject of 
numerous investigations by Daniels and his co-workers,* Lueck,^ White 
jand Tolman,^ Hirst,® and Hirst and Rideal ’ It is found that from 

, I Bideal, i'roc, Camb I’hl Soc. 1021, 86, 241 

'' »'Soiitli, J Amr C*m .S'oe, 102.^ 47,1862 

■. * J, Amr dm Sx , 1921, 48, 631 M, 1922, 44, 2402 , tbid , 1925, 47 . 1608. 

• ' ^ tfcirf.. 1922, 44 , 767. W6ul, 1826. 47 . 124a 

•. * /. dm. 3 m , 1926, 187 , 667. ^ free. Jkv Soc. 1985.108*. bUl 
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■'high pressures down to ea. 0-25 mm. the rejictioii \-elority may b« 
expressed in the form 

1 _24,7(«> 

- ,=4-98.10‘V”^e, 

(it ^ 

viz. the mi'Hn value determined from tlu* data of Daniels and lliirst; 
below 0*25 mm. tlie reaction velocity increaw's to a liinitiug value at 
considerably smaller ])re.ssur<‘.s where the reaction r.iti* is a little over 
five times that at Itigli pressure.s, or 

• (// 

a value in close agreement with tiiat given by tlie cjuation of Du.shman' 
and Rideal,^ 

I AAr JI.TOO 

-'%,r A-'/’e . 2-r)!>. 1(I‘V (■ 

(If 

BetWi'cii the pressures of t)'2o mm ami the simdler value.s the 
reaction velocity constant increases, ami it Wiis shown by Hirst and 
Kideal that the experimental flat a were in agreement with the hypothesis 
that, of the total number of aetivf* nndecules pre.sent at anv time, viz. 

.VAr 

Nc /t7'. ()n(‘-tiflb <d them tlee(HH]>i*sed at once, hut four-fifths of them 
had to remain in th<‘ active state without sulTernig (teactivating collision 
for tt'5. Itt ‘" secfinds before flecfuiipfisitifui occurreil, the velocity of 
dccomposithm being ex|)re.ssiblf‘ m the form 

f/c I 1 

- , - W. !()•:• 1 -( "If.f/- ' , ,.y 

<// 1 ' 

where F is the pressure in millimetn s ami >■ ' the fraction of tlio 
active moleeules having a life of . In ’ si'cojmIs.’^ Tlie ])ossibility 
of the energy of activation being resident m any one <if the five NO 
groups of the N.jOj molei-ule, and of deefunposilioii otdy taking place 
on activation of one partieular groii]), the time m'ee.ssary for the 
energy to leave one -NO grouj) ami enter tlie particular group being 
9*5.10 ’ seconds, immediately suggest lliemselves as a plausilde explana¬ 
tion why some molecules require a “life” before decoinpo.sition. It 
is clear that the decomposition of nitrogen pentoxide is uniniolecular 
in character down to ])re.ssures so low that explanations on the hypothesia 
of activation by any form of molecular impact are not very jirohablo. 
At the same time the inflowing radiation is inadequate to provide the 
necessary energy. 

Wo may notf* that, if the decom}K>sing gas were confined in a 
radiation impermeable tMivelojie, at any moment th<* rate of decomposi¬ 
tion of molecule.s with the coneoinitant liberation of int<‘rnal energy 

1 ./. Amr. Chan. Sm., 1921. 43. 397. * /*Ai/. 1920, 40, 461. 

^ Cf. Jeans, Di/nanneal Th^anj »J Gaseji, }>. 2.)8. 
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,^6/ Actiy&tiou would be equal to the rate p/'/ormatwri/of oeaf !M^^rr 
aioJecules^ iiiifl rate of decomposition and' formation being Ibj'' 
the equation referred to above. Thus, no supply of dffw d. 
activation la requited, merely a redistribution of. internal 0eigy^ 
^amongst the moleouces ' 

In the particular dogroe of freedom, comprising one of the-- 
'oscillators in the molecule, which, on activation, causes molecular-' 
disruption, ilierc is at any temiierature, on the average, fJT calories, 
/fhis average value, however, is not the result of equal distribution 
amongst all the molecules, but the various molecules differ from one 
another m the possession of different numbore of quanta, those possessing 
such a number that the energy content in thus degree of freedom is. 
Nhv or 24,700 calories per grm-rnol are said to be activated. 
"We may logically infer that the energy of activation is already present 
inside the molecules as internal energy, being origmallv supplied by 
infra-elastic collision, a method wliicli we sliall discuss in the next 
section. We must therefore examine the various methods by which 
the distribution of this internal energy can he effected amongst the 
various molecules Tt is clear that the usual method of redistribution 
by molecular collismn i.s much too slow to effect activation at the 
necessary rate, some type of “quantum sprung” postulated by 
Polanyi^ i,s clearly necessary, but the mechanism by which a quantum 
bberalod by a decomposing mob'ciile is absorbed liy anotlier is by no 
means clear 


The data of Warburg and [.eitliausei “ show a number of absorption’ 
bands for nitrogen pentoxide between 2 t and 8'7/i, witli a particularly 
strong line#at 5 81 which is five times that calculated from the critical 
energy movemeni, vu MO/x, the possibility nf the redistribution 
of the energy of the mfenial speeitio heat by the emission and absorption 
of quanta of .small si5!e is thus not negafni-d by .spectroscopic evidence. 
Two dilKciiltios, however, have to be oviTcoine m this conception. 
If we imagine a molecule possessing, say. two quanta, it is evident 
that tins molecule can either receive aiioLlior or loose one, it may in 
fact become a creditor or debtor molecule Tlie condtfions under 
which a molecule may become a oioditoi or debtor must be governed 
by some type ot fluctuation not connected with molecular impact;, 
it 18 possible that the radiation flowing m the .system may render 
molecules oscillating m phase with it creditors and those out of phase 
debtors Again, on the assumption of the. passage of quanta frewn - 
molecule to molecule it is necessary tliat the absorption coefficient be - 
extraordinarily largo, for the inflowing and oflowmg radiation 6f th^ae's 
wave-lengths is but a very .small fraction of the number of quanta ^ 
flowing from molecule to molecule within the system The absorptaoia'i 
coefficient m those ca.sea must, be much larger than those exnerimeH^iV’* 
' ZeilKk J Phi/fii. lai'0, 1 337 , M . n^O, II. 90. 1920. III. 



^)jfW^;iot-SttOife'c«nt't»dUTOarM^ w« ate __ 

^^^^u^tliakage (in tbe inaiuier suggested by J. J. >Tbbiiud^ ' 
i^yttg molecules-with one aaothef by Tataday ittbes ildlii < 
^rmoh'the quanto flow. It is generally assumed that the qttantmD<i, 
'j^M^sectional area grows with the Vave-lcngtl|(4xA‘); thus,'the,; 
;tolnme of space swept out by a quantum in its motion incteasei 
'rapidly as we proceed into the infra-red portion of the spectrum; the 
opportunity of collision with molecules is thus enhanced. Since the- 
wave-length 5'81u is .sonic twenty times that of the resonance lin? , 
in mercury vapour (25fo A°). the opportunity of collision with molecules-j 
and thus the coefficient of absorption will on this view be some four 
hundred times greater. On analogy with the case cited by Lewis and^ 
Smith,* the lowest pressure at which the decomposition of NjOj has 
been examined i.s 0'05 mm., which is about one hundred times greater' 
than the pressure at which Wood examined the absorption of the lino 
2540 A° by mercury vapour. A 50 jier cent absorption would tote , 
place in a layer of ca. O-OS ram. if the coefficient of absorption w?te - 
equally groat as fur mercury vapour. If the coefficient is four hundred^ 
times greater it is clear that virtually complete absorption of the 
radiation continually emitted by the molecules in the gas will occur. 

The theory of activation by collision. -We have noted the simple 
radiation theory of chemical action is certainly not tenable, and that 
many drastic. am))lilirations are required t)efore this attractive con¬ 
ception can be made reconcilable with experimental data. The 
somewhat arbitrary bypotheses neces.sary tor this purpose have led 
many to nqect in Mo the concejdion of activation by radiation and^ 
to inquire liow far it is possible to assume activation ly collision. 

. According to this vic»', when molecules impinging on one another 
With such initial speeds that the available energy in the case of a ■ 
simple bimolccular reaction between molecules of mass m exceeds, 
>the critical energy increment, or 

they do not suffer elastic collision but undergo activation and dis- 
: ruption.® The data of Hinshelwood and I’ritchard, on the biraoleouUr 
decomposition of chlorine mono.xide,® of nitrons oxide,^ and of 
Bodenstein on hydrogen iodide,® strongly support this view. 

,' Thus, in the case of nitrous oxide decomposition, the rate is found, 
to be expressible between the temperature range 838° K to 1126'’ K 
ty n^ns of the following equations: 

: . -, =Ke> A’=.7'60.10'*\/I’c Rt , 

at 

jj; lac. rit. * Limlrmann. Tran*. Farad. Hoc., 1922,17, 5^. 

^ Chen. 8oe., 1923.123. 2730. 

ffio^lwood and Bark, Proc. Roy Soc., 1024. IMa. 284. 

Zeitech. phyeikal. Ckem., 1924, 134. 233. 
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where i>8.4K() cals is tiie energy of activation ]icr two grm -mols of 
the gas The rate of activation l>y coilision is given by the kinotic 
theory 


ilA, 

I. = 


whole a is tlii' itinhs iilar duiliielei 

II we jido|it a Millie III 32 I'l (tn we olMain for llie rate of 
aetjv.Uioii iiy eollMon 


'I I 


'i2:> ui'^/y'e 


siiiee Iwo iiioloi nil's di,sa|i|iear as llio resiill, ot o,ii ii siieli (olliston Iho 
rate <)| (h‘( oni|insition isdeailv 

A I'l'-vJ’f 

ill 

a value mi <!i).se In ill,it e\|ioriiiientallv olil,iiiu-d Hial rlioie can he 
little doubt lhat this hypothesis does pnniile an .ideipiate i‘cptaiiatiou 
for the niechaiiisni ol biiMoleeiil.n leai lions, and tiiat no othei means 
of ai tivation is rei|iiired 

If iiilra-ehistic colhsiriiiH take [ihi( e. it is in'cesharv also 1 hat supra- 
elastii collisions oei nr at 1 lu'same tiiiH*, lliii'.if we muieine niohs iih's 
hec'oiiinig a( ti \ ated liy the i oii\ei.sion ol kiiielK eneigv lost on inipact 
into eteinal energy in fin* (piaiiti.seil lonn. we iniist at the siinie time 
jiosliihite the <oiiln< ( o| an ,u livaled niolecnle with a iimni.d mo]e< iile 
resulting in tin' idiberation of the intein,d (‘iii'igi in the knietic form 
(a (ollisloii ot tin* third kind, to lontiniie the sommdiat iiiisatislailorv 
dassiliiation of (sillision types) 'Dims, it llie avei.igi kitielic eneigy 
of eai h niolei iile before i ollisioii be < and (ini* mobs iile possess internal 
energy of aetication the .iveiage kinetn energy alter collision will 
be (■' siidi llial 

•2e' = 2r+c' 


Wlnlst Die evisteiue ot inli.i-el.istii and sii|iia-ei!ts|ic collisions 
liavc bei'ii well (‘si.dibslied in ,i niimbei ol cases of eledroii-inoleiiilc 
mi])iufs, fb(‘ exjieiimi'iiis oil adnatioii by inolemlar (ollision, winch 
IS the basis of tills iiiedianisiii of eln'itucal diaiig'’, are more limited 
Fraiii'k and bis co-woikers ' li.ive (bmioiistiatcd Die li.tnsfcr of internal 
tiliergy from mie inoleeiile to chemnal eiiergv in .iiiotlnT by elledmg 
the dissoeialion of Jiydrogcii inolei ules (/t -‘tll.iHiO cals ) with Die aid 
)f exeiteil nicieniv atoms 'I law have als<r shown that, at D, 
'xc’ited nieiemt atoms will, wlum miveil with lhallnini vapour, cause 
he emission ol the eharai'tiTislK lliaihiim liiK', eonvsjioiuliiiit to an 
‘xeitatioii of til \ol1s Since the edited atom is only at a level 

' (ncic, J /’/ii/vi, IVJ 9 -VI I'l" I’ oo 
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corr<*sponding to 5-H volts it is clour tliat an additional supply of 
internal energy equivalont to t)-3 volt (1 volt fall is ecjuivalent to 
22,9<K) calorics) must liavi* been supplied by tln^ infra-clustic collision 
hetweon un excited mercury atom and a normal tli|lluim atom. 

Reaction chains and the concept of hot molecules. - In many 
photochemical actions the Kinstein law of ]»hott>c(puvalencc is not 
obeyed, and a ready iiitcrpretalion of many of tIuw was given by 
Nernst. According to Nenist. the pliotin'liemical combmatimi of 
hydrogen and elilorirw nuist^ts in the jaimarv plnncu hemieal formation 
of cliloriiii' and liydrogm aiom< from tlear re<pe< ti\e moleeules, and 
this in turn is followed by a m-ik's of reaetmns such as 
('[ 1 II. liCi I II, 

II id, IK'i-d 

Tliei'c IS some evKleiice. due to Norrisli, that <iieli atom chains may 
eomnieiie<’ tin tlie walls of the riMetinn \e^se| ainl pioceed through tiie 
gas phase until tlie\ strike tin* wall again Both ehlornie atmns ami 
h}drogen attniis are imnminlised on 1 Ih' walls and may there react, 
witii atoms of like or opjiosite kind \\v shall have oecasitui to discu.ss 
ttn‘ aclioii of the iiieelianism ami the iiilliienee of ealalvsls on lliest* 
reactions in more deiail in a later set lion 

dinstianseii ami Kramers ' have at templed to extend I Ins eom-eption 
(t) systems in wliieh iilom ehaitis are not possible. .Vtetinling to their 
view, tin* iirodncf of decoiiipo.silion of a nmleeiih' after excilalioii must 
pt)ss(‘ss ill itsell the original energy of excitation a'ui either an addition 
or a diminntnm e'|iial tfi the heat oi rt'aelion If the rt'aetion b(‘ 
c.xotherinie of value tf per molecule the total eiierg) of the [irodurt 
will b(' 

III’ r \nir- i-((, 

where fw is the etiergv of activation, r tin* nioleciihir velocity, and q 
the lieai of ri’act ion 

The molecules tims petssess miirh more eiiergv than their neiglilioiir.s ; 
the authors do not commit theiiisidves .is tti how tins <-nergy .stored 
in these fr<‘sh products of ri'action, but il w'oiild ap[iear that they 
envisage the jirobability of " hot " moii'cules or tlie energy is in the 
kinetic form Tliese •' hot ” molecules <aii. by impact, activate by 
collision of tlic second kind another reactant mol(‘cul(‘, and thus give 
ri.se to reaction chums. 

The presence of inert gases i.s frequently without influence on 
the reaction rate and reactions may also jiroceeil in .solution, c.y. tlie 
decomposition of livdrogen ])<“ro.xide or nitrogen pentoxide ; thus, the 
hypothesis of kinetically hot " molecules would ajijiear to be excludeil. 
Again, the view that tlu' energy, if internal, can only be handed on to 
a reactant and not to a diluent or solvent molecule, as-sumes that a 
vibration frequency is eommon to both r<-actant and product, an 

• 1a<. Cll. 
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asflujnption tlmt Btill awatts exporimcntal vonlicatioji The suggestion, 
however, w not without interest, for such a mechanism has been 
shown by Watson in the folluw'ing manner to give rise to pseudo- 
iUiiiiiojeciiJar coiist^its , " 

Airhennis iw.s expressed the opinion that there is a dynamic 
equilibniini hetwei'ii the inactive ami active moleciiies, the latter 
existing in but small (jiiaiitities We inily eoiisei^iiontly write 


f’.-aC,,. 

wlieri' t'„ IS (,|ic (iiiieentiatioii of acine inolec 
C’„ tliohc ot the inaetive moleenles, 
a a small factor 

If the aidive product molecules aie the mam fa 
then tin' concentration of aitive niolcriiles will be i 
product of iionnal inolceiiles .iml tlie riuml)i'i < 
niolceules C„', or 

'I’lic (pierv then arises, Dndci what eomlitions ao' tlicsi't wo eipiations 
com}»atible witli a ummobs iibir n'iu tion (lehiicd In tlic (‘\[ires.sioii 

We may represent our reat'tiiiii system diagramtiiatirallv as follows 


(1) 


■tor in aetivation 
letermiiK'd bv the 
f sinli lutivating 

( 2 ) 


the first reversible e\[)ressiun i<'[)ii'sei)1ine tlie Aniietiiiis e([inlibrium 
between normal and active iiioleeuleH, tlie ^ceoml llte iirevmrsihle 
decomjiosition of tlie active molecules, wliieb is assuiiu'd fo take jilacc 
sullinently slowly as not to ellect the eijmlibiiiim u ^ 


The rate of (leered 
tlie rate of increase of I 
decomposition of the a 


or . 
wliero. 

iS 

From (I) 


■ of the iHirnml moleeiib-.s mint lie eipial to 
e active molecules plus the rate of spontaneous 
tiolecnles into tlie jirodiiets tl', 

d(\. dC„ 


dl “ dl 

IS the mean life of ;in active it 

dt'„ d< 




ileelile 


(3) 


dl 

dC,.^ 

' dl ‘ 


■ dl 


dc, 




\ <Sa 
C’„ dl 1 ha 


=u constant at constant temperature . (4) 
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Wc have already aoted that Marcclin showed that the ratio ' ' ‘ 


C., 

0 ,,'' 


K 

lif 


Th>8 expression has been inodificil by Kinstein * K^be form 




r,: 


K 


where P„ are the ») j>noit probulnbties of the molecule existing in 
the active or normal state In general P„-~ P,. Sinnliir eonsiileralions 
hold when the “ normal " state is also active ((/"}. or 


f'rl 


{!■: -/■: ■) 
itr 


where E and E" are the energu's of aetivaiion in each slate. 
Replacing this value ol -ain{l), 


1 <{{' 
d( 


Sr 


! -I c 


/; 

nr 

/; 

nr 


/; 

Sr l!l\ 


(')) 


since a is small by liypotliesis; ami we thus obtain our original etpiatioii 
whicli we have alreiuly noted as apjilieabh' to imiinoleculiir reactions. 

From Kquatioii (I) we may evidently oblaiii the ratio of iietive to 
inactive molecules in the Arrln‘iiius e(jiiilibriurii mtxliire from a 
knowledgi' of /.• and .v. For ihe deeoinpo.silion of nitrogen pentoxicle 
^: = 487.10"^ and .s^-III a tlii‘ratuj is m. lO ’’ 

Sueli a ineehanism as lias Is'en postiiliited l)y Christiun.seii and 
Kramers leads to the general exjires.sion of a iinimoleeiilar reaction in 
which S is now aeciiratc'ly ih'tincd as iIk* probability that an active 

molecule will decompose within the iie.xt secmni, i r. is the avenige life. 

It has been assumed for this purjiose that the active, molecule at 
the moment of decomposition or jn.st after d's-omposition hands on 
its energy to activate a new molecule, it is [lo.^sibh* that the products 
of decomposition which are active at the inoincnt of ]iroduetion may, 
Jjcfore they relapse into the normal ])roiliiels. likewise, impart- their 
energy by collision and thus give rise to reaction chains. Watson 
has obtained in the following manner comlilions that the reaction 
should be unimolcciilar. 

There are two possible eases whicli may be represented diagrammatic- 
ally as follows: 

(1) a' . 

(2) ^ 


* PhyaiM. Zeitsrh., 11 ) 17 , 18 , 121 
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fti the firnt <ub(‘ ttiv dfii* In.ttcd |)i«ilii€t;s arn in ^{[mlibnum with 
the aitiviifeii |)iO(!ut(s (7) = whore ^ is small, uiid, in the 

stKsuni case, tin' (ii‘iirtivati(iii of the iirmluots is irreversible We 
can Hiv('sli;’.i1e the nature of the reintion in a way similar to that 
lii(!ie.tle<l above / 

('ase (I) lleiersilile e(|nilil)iiuni between .utivi; and inactive 
proiliiels assiinn'd 

' 1 C. 4 C., 

Aow„„. (3) 

and a[i]ilMnK the smile nh'a, to the aetiM' prodiu ts, 


FiinitK C„- (L*) from OUT initial .ihsiiiiijilinii 


and 


, a ( II , t 7 < , 

ill ill ill 

' 1 C..' 


lie; sc., jisc, 

ii,; o/i 

Siilmt.itutiiie ( 2 ) iiiid ( 11 ) 111 ( 111 ) we nbl.iin 

‘ 1 C., I^s<\, c„ lie,, 

ill ’' 'I I/j ill 


'C'.i . , a.'BS C„ ill',, 

ill " \ifi C., 'll 

iir.. 


. the iHiimoleciiliir loiistaiit !\ i 


a'" . ^'C.,(i. 

I lie,, I i/i “ 


01 

(HI) 


(11) 

(Id) 
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since - 01 . and arc small compared witli unity by hypothesis,' 

A’-.s’l'; 1. . (13) 

If and an* of lln* same* order of niaemtinV and small, 

K --Sy.'C,,' -■ Sx'jiC,,' 

Thus, the iiniiiutleeular consfant is din-elly [iroporlional to the con¬ 
centration of the liMileellles fotmed hv the elialiee. i.r. the reaction 
is antucatalclie. 

Tints, an .intocatalt tte n-aelion will he ohtained uheri* 


A" 


ill ,11 






f'ividenllt for sneli a n*aetion to ei\e a nniinoleeiilar eonstant ('„ 
niusl lie a constant. oi Ironi (7) f'„' niiist he a constant, tthteh front 
(tl) \M‘ see that tins is ei|in\alenl to |iostulaliny the existence of the 
e(|uilll»ruiin demanded hv Airhennis- 



('ollstilllt ('„ 


Case ('j) 111 till;- I’asc 

(leae1l\.ltloii (fi tile pnulliets 

is iissiiiiied to 

take. })1 ice iircvei'Mlfh' tn 

II *“0 ->-r' 


As Ift'ffire from (2) 


■ (2) 


ill ill ' ' 

(3) 

Weha\cni-so 

, 

ill 

• . (O) 

where it' is siipjiost-d to <!' 
manner with velocity S'. 

'coiiHfosi- spoiitjuieoiisly aiul in 

a unimoleeular 

On (lill’ereniuitiii^ (21 

as before with respect to / we e 

ibtuiii 

<n\, 

ill 

, . <l<\/ . 

, t 7. f V . 

ill ill 

. (10) 


front (.'!) i-(ili) 


- I N('„) tx'f',,' 

i.e. "(! sa'f' ~S(\i f a'N’f',/',,' - ahsY'f,,, 

,U ’ 

from (2) -■ - .S*'t + 1 'S'~ a'nS'f;„*6'„', 

1 (l('„ ix('„'{ -iS'-t iS" -7.',S'f.'„) 

C,i ill Isa'fl,,' 
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■ The problem w to hnd under what conditions t/i/s will ho a constant.^ 
If the ohaijgo a —•> <r.' is ituicli quicker than from a' — >-?t' tben_ ^ / 
and therefore a'C,, will be small yi eoniparison with unity, and we 
know' alrniuly that. a’C,,' is small eomiiared with unit} 

Hence K - 


siiirc <S IS iiiiicli yrratcr tliaii s m the almve a.ssuui|)tion 

Tlie « iiiolei iile.s aie m tlie same jiositinii as .i radmaelne element, 
and t.lieiefiire whim Ihv re.ieliiiii is |ll^el•edlnlf steadily ('„ is enimtant 
and the leaitinn will lie iinimnleeular again, liow'ever, bv (2). tins 
leads to the eMsteiiee of an Arrhenius iii.iss e(|iulit>ruun between aitive 

and m.K 1 ne nioli'i ides, or ('(instant 

III tliiiL ease v\e have assumed tliat. the idiangea'- > //' is slower 
than the changed -> o' whn li in turn is already assmneil mueh slow'er 
than the ciiange n - ->- a oi n - > «, oi the deactivation of the active 
prodiiel. IS reijiiiii'd to be \eiy imnli slower ttian the deactivation of 
the active leadaiit Siieli t oiidUion.s ur<' evideiitiv fulfilled, aeiording 
to Tolnian's ddeiilations,' wlien the energ} of aetivaliou of tin- leaetaut 
ia luucli largei f liati I he energy of aetivalion of i he jirodui I 

Watson lum suuiimiiised the londusions drawn fiuin tins devidop- 
merit of the, hy[)ol|ieMs of Clinsliatismi ami Kramers as billows 

(1) If the. mieigv (it .uitvafion be uei[iiiied from higliiv imergisod 
reftciioti prodiids llie readiou will be unimoleeulai in tvpe only if 
there exists a sinqde prtqiortionuiitv between the eonunitralioii of 
active and imu live umlecules, .is jHislulated by Arrhenius 

(2) If the deiutivation ol the active products takes place levcrsibly 
the reaction will be, in geiier.d autue.Ualytie 

(3) il tlie deaelivalioii be spontaneous and irieveisdile, the law 
• will be th.it of a nnnnolei ulai nsietion piovided that the deactivation 

is mudi slower tluiii tlie loss of energy by the aetive resultant 

It must he adimtled that this attractive umeeptioii of chain 
. mecbaiiisin .still awaits (‘\aet experimental conhrm.ition 

Active molecules. AKIiougli the arguments are hv no means 
conclusive, theie are stioiig nnasons foi assuming that the active 
. moleeules postulated b) Arihenms ate identnal with the “excited” 
molecules of the jdivsKist The distortion of th<‘ nioleeule or the 
'quantity of energy required to smul the eleetron to its new orbit is,. 
'Tor most dieimeal processes, miidi smaller than those which have been.' 
made the, .subject of experimental physical research. for, in general, 
the wave-length of the eijinvalont quantum of energy is confined to 
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'»the-infra-red portion of the spectrum. Further, wc must assume that- 
molecular excitation may be }>roduccd not only by the usual methods ^ 
of absorption of radiation or by collisloj) witli x-j)artieles or electrons, " 
but also by molecular eolli.sion. ^ 

The lives of excited molecules.— Fxperimei^al determinations of 
the time of emission of radiation have been made by and ' 

Dempster," and periods have Ix'eii cahadated by Milne.^ Stern and 
Vollmer,^ Turner^ and Tolman.'* Saha" Weigert ami Kelh'rmann.* The 
following observed and laleulated values are obtaiiied : 


Hn I-O.H . 1. 

H.< fvo . 10 “ .. riri 

HjC --0 ll‘ " .. H(’l 


itLitril 

(\ :»mi) -y.H KJ-Kec. 

(\ :{i!:uo) O'OITJmv. 


The experimental value', lor t for »‘xeila1nm m Msthle light are all of 
the or(h‘r <>l 10 ^ .si'coiids, whilst tint.se ealeiilatrd on tin* euirespondenee 
prinei]fle increase very rapidlv as the energy of the (juantuin deereaw's; 
this increase has not. however, yet received any <‘X}ierinientaI xon*. 
firmation. Sinee, in tin- majority of cln’inieal act ions. 1 he energies of 
activation involved are n'laiively .small, it. is a matter of great im* 
portunce to tind out wlietln-r tlie long lives antieipatml by Tolman for 
molecules aetivated by collisions of the >ecoiid kimi do actually exist. 

The original I'xpeiimental e«joation of Arrlieiiiiis may he integrated 
in the following form : 

-I,,: <■ 


or K--i'r HI'. 

If (•• bo the integration constant, /■'’ mav l>e n-placeil l)y N wliere 

!■: 

(’--log, N, whence K Si' h'I'. 

I- 

It i.s clear that if the term e' it'i' repres'Uits the fraction ol excited or 
active molojcules, »S has consmim iitly the diineiisions of a frccpiency, 
and is n'garded by many us tin- recijtroeal of tlx’ time (t) mrcemry 
for the molecule to pass from tlie ac-tue or excited to tlie inactive oi 
passive condition. 

Others have suggested^ iliat this tune is not the time required foe 
the emission of its internal energy as radiation Imt, represents rather, 
tbe average time before a crisis occurs m tlie ac-tjvi‘ molecule. At thw 
crisis the molecule either umb'rgoos ehemiral reaction or comrac^ccs' 
to revert to the normal form. Tliese crises are ])ossil)ly ermnected 

1 yUn. Ph’jmk, limi, 60, .'»!>" . tOJl. 66. ^ , jjtjo. 15. 15^. 

» trtx. Camh. Phil. AVx-., 1112.'). 22, 4!a. * J'fii/x’M. /.eihch . l(Ha, 20, 183. 

s /%». Hvv , lft24, 2 . 23. 404. * Ibid.. 11C24. 23, m 

’ PkiL Mas-, 1924, l>. 48. 421. * Znhfh. phnnM- 1923,1(W, 1. • 

> Dnshman, J. Pranklin hial., 1920.189. 5i:.; J. A»,rr. <’hn,i. Sor . Ii»2l. 43. 403 ; ItiOwJ. 
* 09 ., 1920, 40, 462 
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with tfiK position of till' ek'otron in its iinstabK* orbit, since its frequency 

K 

13 given hy ftie i'Xf)r<'ssiim E ^ Mu’, wc olitain Sr=p <,r K^re'tiT, 
Arnoiigst other siigi'es^linns it lias been ptopfised that rcjjrosenls a 


time peiloil , wlii‘ii 


a fre(|iieii<y of the inoleeiile. hut not 


nceessanlv llml ileiived fioiii the leni|]erafure eooilieient' It limy 
he noil'll 111 ii.issiiie that id seioiiiis, wliieli is of the same order as 
V for nil i<i-vjiilet freijiieni les, is .dso (he coriijniteil ]ienud of the diiraflou 
of an elaslu i oIIimioi 

The energies of activation m the presence of catalysts. A immlnT 

of lases have lieen examined on the alteialinii of the veloiity constant 
as well as ol the 1i'm|)eratiii(' eoetlicient of a ehemieal re.ution when 
eilliel le.nling molei llh' possesses ihlleient .sllbslltllelit efoiqiS or 
vaiioiis solvents an- employed Whilst the reactions .ue iiiehmldeilly 
coni])le\ ,iihI dednifions based on an assumed Minphnlv .ue ojien 
to ontiiisin, iiev'erllielesh some inl'Tesling lel.iflonsliips Ii:i\c beem 
obtained 

Niioli and ('.nil - lia\e e\,iinnied the late of dei(im|)osifioii of the 
aiibstitiifeil dia/obeiizene i blondes m excess of w.iter aeiording to 
till' umctnui 


1U'„II,N.(1 i !l,0 - -> |{(',[f,()i] hN.llCl 


The leaotnm is [isevdo-umniolei iil.n aiul 
form 


I d< 

I (ll 


S<‘ 


HI 


III' expiesseil m the 


I blit a fonniil tehilioiislnp iietween S and exisls has been |ioiiileil 
out by W.itsoji ami is evident tioiii I he I ol lowing il.ila 


SlllHtltii' lit i;i(iu)i I! 


\i 

o CKi 
ni -('II, 

p - S(l,li 
m -NO, 


/' I .id {u 1 i-iiti iiidI I 


111 .(00 
J.'i.lon 
jj 'loo 
J7.1HII) 
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11(1 1700 

14(1 IT.'o 

1.10 l7(lo 

1.10 ISliO 

14 0 j.s'io 

I 110 iiUli 


The value of E likewise etianges in llie ease of the substituted oxal- 
acetic e.steis (EttItKI ('t> - ClIR CUOEt) examined by WatMiii, 
wliK’li undergo decomposition in a ]isi'uily-iimniolecular manner 

' I'lirMtiiinii 11 /.lihih I'hnn. I'l.’.’, 103,'Jl 

- I .s'.«-, 1‘ilU, 83 470 
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AVi' noti' tliiit till' ('iH-rnirs Ilf III■| 1 V;L||( 1 M nri’ clcliiiilclv nlfi'clod by 
siilvcnts; if is fur lliis nsisiiii flint fin’ lliisirciiciil iciiisiilcriitiiiiis 
fldvaiifvil ill till’ iiriTi’diiig piirnfrritplis art' nf iiiipiirtann’ in fin* study 
of catalytic rcactniiis Imtli linmiifjciicoiis iiiid lictcriii'ciicniis. Evidence 
is slowly acciimulatint; that it is In flic calalytic ap nt that we must 
turn if It is desired to reduce flic euerpv iiiereiiieiit necessary to jiroduee 
I . 1 . Vhtm SV , 111 : 11 , 119 . 1 fit ■ tie. '■a. ' tel-, .tim. 373 , 339, HIM, 
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, a' cortaiii read.ioii proceas. I)i all probability the initial process in 
the catalysis is a dcf'iriiiatioii of the structure of the molecule by 
assonafiwi with the catalytic agent, either as a molecular complex 
or ronipoiiiid in iioinogeneous catalysis or as an adsorbed atoiu or. 
molecule on a cont^ t catalyst That such association materially 
- alters the energy rc()iiired for reaction to occur ns to be concluded 
from recent htiidn's in tlie domain of pliotocheimstry, and <‘Spftcially 
in llic livdrogcii-i lilonne Combination An cxainiiiation, by Cochn 
ami Ins m-worker.s,'- of tin* iiisensilivity of dry hydrogen-chlorine 
mixtures to visible liglit lias iiiduated sm li a eoneliision They iiave 
shown that wlieieas moist, mixtures of those two gasps are phnlo- 
seiisitivo 111 the blue region of the speetrmii, the gas imxtiiTes in which 
the water-vapoiir pressure's of the uiih'r of It}’’ min are first sensitive 
m tiie iiitrn-violet region bduw A = d(KJi,l A” Tim energy C|iiantir.ies 
involved are resiicctividy alicuit 02,500 cals in tlie water e.iialysed 
reaetioii ami '.it/ittO < als lii t.lie noii-cutalysed reaction 

Homogeneous reactions in solutions.— The i onsiderat ions advanced 
m the luoceding smtioiis miiv Im applied to tlio mon* emiiplieatcd 
cases of |ii|iiids We have noted that iiimnolei uUr roact.icns in gaseous 
systems aie extremely rare ami must com hide tliat the same is true 
111 Rolnlioti. thus, rases <if dynanne isomeiism, eg acetoaeetic ester, 
cannot, be satisfmtoiilv e\))l.iined on the hypotlicMs of an inlra- 
moleciilai leaelion, altlioinrh tins view is still m,untamed hv some 
investigators In solutions, ,ilso. eniji()le\es or solvates may Ih' lormed, 
the stiidv of Inniolei iilar reaitions in gases iiidnati's .a iiosmIuIiIv that 
the reai'limi of lautoineiic change may take place thioiigli ai rivation 
liy (ollmion ludween solvent and solute molei iile, hut we shall note, 
the cnfieitl etieigv iiiereiiienl. is high and tlie reaction veha itv negligible 
ar ordinary telnp^latnre^ It is for this rea'on that it is probable 
that most reactions m solution omui tliioiigli the mieimediary of 
tcTiiaiy i,om|ile.\es, Te.utant, solvent, (alalysl In inder to justify 
this point of view, we must delunmne the evidence in f.iviiiir Isith of 
the exisleiK'e of aiieii com|)lexes and also wdiy sm It complexes are more 
easily mtivaled and thus undergo re.Ktion more readilv Ihnu the 
simpler inuary constituents also present in the system 

To obtain some idea of tlie meeliaiiistn of such reactions we must 
examine both tlic form of the reaitioii velocity emii'enliatimi relation¬ 
ships and the intliience of temperature on the velocity coelficient. 
It 13 found in the majority of cases that a reaction jiroceedmg m dilute 
solutions according to the eijiialion 

0 I h > d 

pioceeds at a velocity ilial is proportional Ui the bulk concentrations, 


Hn. IOCS, 56, IjS. OSHi, /cio,A Vhm , |‘i:i;j, 105, .151'., Hl21 110, tOo. 
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In more, concentrated solutions this equation fails. Whilst Arrhenius, 
•Ostwald, and Euler noted a parallelism betwoen the reaction vcloeity 
. and .the osmotic pressure of the reactant, the more precise conception 
of thermodynamic concentration introduced hy (1. N. Lmiis has, of 
later years, beeu applied to reaction vi'loeitit's by llarniaP end 
McC. Lewis,^ who auge,‘sted tliat, in lieu of eomn'iitrations, the 
activities or thormodynamie eumciilr.ilioii.s of the ri'aetants should 
he employed. The equation then heounes 

win-re/„//, an: tln' activity cocllicicnts i*f tlii* rcactanls. 

BrPnsted^ a.ssumeil that the reaetioii would proceeil hy the 
formation of an uustahle iotermediati' coinplex (uM winch mulcrwent 

>)n\\ l.l't 

rapid dceoinjiosition to t lie products c or t -> (an) -vr. 

Tlic assinnption that tlic velocity ol ivaclH)n was dcicimincfl hy 
tlic ratio of tin- activities ol llie n-acranls to that of the proiluets 
lends to the Cfpiatioii 

lijerrum has entieised this (■(|Uution ' from two points of view. 
W'hil.st the insertion id aetiMties in lieu of actual eoiiecgl rut ions may 
be jnstiliiible in .systems at. nr close to, ei|uildirinMi. it. is iirohably 
erroneous to assume that the number of eollisums in a system imder- 
eoin.e reaction is iiilhieneed liy the aelivities, althoiiali the number 
of e'nVctivc collisions may bi' delermnied hy the laelor Asaiii, the 
rate at. which tlic complex («/)) iindereocs reactmii is not demonstrably 
induenced liy its potential; liius, m r.nliuaetive traiislormalion tlic 
rate of decay is uidiitlucnced by tlie actinic of tlic system. 

Bjerrum'assumes Ibat tlic ■reaeluui velocity is proiiortmiial to tlio 
concentration of the conqdex iih, or 


According to tlic law of mass wc obtain 


where K is the mass 
Hence 


(«)('-) ,■ 

{ail) 

action oquilihrium const iint. 

il-r n,(a)(li)f„fi. 

,ll " /(„.,) ■ 


* J. Amer. Ck^nt. SuC., llMH, 40, 1401. 

* J. Chem. S'K., 1920, tl7, 1120 ; I92-2, 121. 1013, 
’ Zciltch. yhyakal. Vhem., 1922. 102. 169. 


* Ibxd., 1923,108, 85. 
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Dit this view tln! D'actuiti v<‘locity is ik'hiiwl liy two terms, tlie 
cmicciiliutiuii iuiil tlic stability of a Pnni|)l(‘X Tim oxistoiicc of such 
complexes ill solution, c ij of (‘sters anil acids, sugars and water, has 
been fidly dcinonslrated by the work of Kendall and Ins (;o-workors 
Tile aitum of latAlylio agents in acceleratiiig the reaction velocity 
of 11 typn.al lioinogeneous reaction is due to the formation of a new 
I'Dinplev present in dillereni' auKHint and of dillerent stability to the 
original Thus, iii the above leailion, it a i.italyst of eoni entration 
C )>e .nided, the leai tioii veloilty will be expressi'd by the eipi.ition 

'C 

WhelliiT .in\ reaitioii [iioi I'r-ds in the alisenn' of .iiatalvtic agent, 
(■ <y the iiiuliuolalion oi siigais oi the isomeru i liange ot iiitro-camplior 
or ai elo-ai elie estiT,' i aiiiiot, ot > nurse, lie M iilied experiment.illy, as 
results ell hei positive oi neg.il ive ale e\ identlv sUsi eptlble to i lUieifiin 
An eAaniin.llloii ol the teinperalille loellieieiil of lataKsed leaetlons, 
linwexe), le.uls one (o Intel that main leaelimis xiilu.dlv do iiul proieed 
lit all 111 the iibsenee ol lalaUsIs 


The exirenies ol the leiiipei.iluie i oeilii leiiK <il sm |i (.i(,d\sed 


reaclioiis are loiind lo lie 


/» r. 

A',, 


1 fS loi llie li\drol\sis ot laiie sugar 


in the preseiiie of liydioi tihiiii ai id, and I Sg lot the tndioKsis of 
iiiefinl aiefate in llie |ueseine ol (aiistii soda, ione-.poiiiiiiie to 
eiieigies ol aitnalion ol ’ibynMI and ln,'tiiil (,ds pel gim -mol 
ies]H>eli\e!\ Sime llie loiieeiilialioti <i| ||ie lein.itv ioiu|ile\ (ida) 
iiiiist be minli less diaii (nh)* d nilinr lioni tlm .nigineiilatimi of llie 
veloiilx piodiiied on the addition ol ibe latah'l lhal llie tragditx 
or ease ol decomposilimi ol ilus lemaix < nnijilex nu^i be onu b greatei 
than Ituil ol the binary nuuplex [nli), .iml lln* luierev of aifivation 
(orrespondmglv less We liaxe noted ibat in uses ol biiiioleeiilai 
gas le.iitinns, wlieie ■lelnation is uiised b\ lolbsion, the reaction 
proceeds lelahxelv rapidlx when tiie eiieiuies of aitivatmn aie not. 
too large,asexeiiiplilied m Ibe follow ing data olilanieil b\ tlinslielwooil • 



1. 1 .<!• |i. I iiiiii Ill'll rtill 


/• 

/ uh 



111 the aliuvi' talile T I'li is th<' temperaliin* at wliieli /,, the hi- 
moleiidar velneitx eoelln lent, lias Ibe same value for eacli reaction, 
VIZ /, =^ttO‘,il t grill -mol [)cr litre per sei uml We may thus anticipate 
' i'Aoh S’lif. 1S'I‘I,7B. Jll . I'lUS, 93. ll'i • I nim .V . I'l.M, I25, I8t3 
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reactions to take place In solution at onlinary tom}H.*ratures with 
measurable speeds when the enerjzies {*f acfivaticm are small; the 
temperature coeftieients of the catalysed reactions indicate that the 
enerjtics of activatii)n of the ternary complexes are of the order 
anticipated frojii analogy witli the homogi'iieous kineiicaily activated 
gas reactions. The Ijiinolccidar reaction n ^ h - v c. on the other hand, 
evidently reipiin'S a much larger en«Tg\ of activation, and wdl thus 
proceed at r>rdinarv teni|M‘ratnn‘s at ratrs (oinparalde 1'\ say. the 
deeoinjiosuion of nitrons oxah' or ilie niiion of livdi-ogeii and oxygim 
at low tem|u‘rature^ We may eonclude that Innarv eomplexes may 
1 h‘ formed, hut readinn du''s tmt nei-cssarilv result, lliiis, in the 
interaction hetwern I’fhvleiie and hvdndiromic acid, tin- cumph'.x. a.s 
shown . Illlr) hy Maas, is jirescnt at low temperatures in relatively 

large (|uantities. hut ethyl hromide is not formed, presunmhly owing 
to the large \aliie of the cMtical energ\' ineremeiit 

The stability oi intermediate compounds. In tin' foregoing dis¬ 
cussion it lias heeii >how n that t lie mechanism of reael urn in solutions ('an 
he most readil\ interpreted on 1 he concept of llll^tahl(‘ mtermi'diate com¬ 
plexes. Thus, Hi the read ion n ‘ h d cafalvsed l>v the catalyst c the 
formalloii of eomph-xes hv ii senes of reai lioiis n \ h • v {nl>). <ih \ r -> 
(n6c) IS po.-.iulated WhiKi n-aetion may take place without the catalyst 
by the read inn „ , 


it would appear that the energies of adi\aiion are so large lliat siii'li 
reactions do m.i on nr ui iKpiids jil ordin.irv ti-mp»‘raiures and tli(“ 
usual me) haiHsiii I" u •'>(u/<). (u/d-t e *('(/«) - v </* c, the com- 

plev {nhr] heiiig ver\ luistalile and < oiist 'ju.aiilv present in solutions in 
snh anaiytieal i|iianti!ies 

Wliil.'l tile pre,s)‘!ice of hinar\ (omplexes in stiong solutions can 
bt' leiidily (lemoiistraied hv tin- x.inotis im-1liotls commonly employed 
for this purpose, the identiiieation of the leriiarv l■om|ll*•x which is the 
one actually undergoing tlu* iln'inieal eluuige lieiiig miaisured is not 
such a simple matter; for, to fake a spei die example, we are hy no 
means justitied in the assiimptHui tliat. sun e Kendall has demonstrated 
the existenee of imsiahle eompoiinils of tlie type KCOOIl' . 1!X, lliat 
a complex KCOOHTIX IIX) is the adnal iiitermciliary complex in 
catalytic livdrolvsis. 

Attempts have been made to i<lddifv llie.se inis1al*le complexes 
in two ways. We may either jnv(‘stigal(‘ tin- finidional relationship 
between the n'action veloetty and the activities of all tin' possible 
reacting species so as to (d)tain a geni'ral expression of the type 


Ir .r ”7" 

or we may di'Vi'loji. from jireconeeived hypotheses as to the stability 
of tnoleeuies of diiTerent configuration, a structure that will he readily 
susceptible to the reaction de.sircd 
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* As an example of the former method may bo cited the oase of, 
hydrogen ion catalysis in a nuralicr of reactions i^uch as the mverMWi 
of sucrose^ Tins reaction may ho regarded as proceeding through 
tho formatioji of a leniary complex (sugar) • (water") • (fi), since,, 
the rciu tioii pnH'<' 0 (|s at a velocity directly proportional to the activities 
of llio two hoUiles of the system , uncertainty, limvever, still exists as 
to tlie line value of v for the solvent, which (hlferent observers evaluate 
at from 2 to Whilst the activity of tlie liydro.geii ion in solution 
nmv Is' ili'fermincd li) various melliods,- or calculated from the hulk 
coiKcntiiitioii of reactants with tlio Old of the equations developed by 
NoV's and Lewis and Linhart,^ Broii.sted,^ Bjeniim,® or Debye 
iiiul Ifmkcl,^ we eaiiiiot from this rclutionsliip nloiu' dctcrmiiio whether 
the hydrogen loii forming the reaction comi'lex is liyilratod or not 

Since, the eijuiilliruiin fl t ulDO (II J/IlaD) or H rrlljO-t 
(H nll;,()). where (lilr-u, niav be set ij]> m the syslcin, evidently 
eitliei form of the hydrogen ion isa\.iilahh‘ (o fomi tlie reactive cnnijilc.x 
The mvi’st igoiioiis of J,a|iwoiih ami Dawson;' as well as the iiiimeroiis 
experiments on nciitial salt action (si‘c p ITd). have made it more 
than prohalilc that it is the iinhydratcd or the less hydrated form of 
hydrogmi mn is (he active agimf 

Again, wc may not*' tlnit the solvolion of sucrose vanes lait little 
with tlie temperature, nr the v.iluc of (/ih) will he constant over a eon- 
sidcraltle range of li-iiiperatiires TIk- inlluetie.' of teinpcratiire on 
tho reaeiioii velonly will thus ho largely aflecled l)v the change m 
the concentration of the actu'e form of the liwlrogen u>n with the 
teinperatiin*, a ( oncliisioii armed at hy [lice 

Amongst other examples of 1 ins motliod nia\ he < iter! the dot omposi- 
tion of acr'tylcliloramiiHi hmizi'iie in 1 lie ]ires<'nce trf livdror lilonc acid as 
acataly.st examined liy Jlivctt ” and I lamed and Selz,'"antl (d hydrogen 
jieroxidi'm the presence of hvdruhromic atul cxnmiiu'd hy Bray and 
Liviiigstoni',’® where the reaclinii velocities of the reactions are ex- 
pressihlo m the tornm 

(1) --|Jl-('l(ii)(0')OV''c 

( 2 ) -* (r)(fl)(l!r')/II/Hr 

> llnim.1, .1 Awn (%w . I'll;, 37, JtltT, IIIH. 40, Ut.l. b'llr'i. And MoM 

itnt, I'Ol, 44, 2r>TJ , MiC Uwis ati,| (orraii. thil. 1‘>3I. 44, Ih'li, .SiMliliard, timl, J023 
45, l.SSri. MiC leftn ntnl .Idium I I'hfm ,V'« 1030 117, 131 

* I.BWIH ftiiil ilaniliill ThnmiKli/mimii \ ’ ./ Awn i'hcm .W. I'MO 32 llUl 

* J Amn Vh-w .S',« , I'll!' 41. lltV, ‘ .1 .Uwr Chnu Wo- i!132. 44, 9,78 

* Hiiheli j Kldinfhiw . I'llN. 24, ,)-’l ’’ I'hii'iknl Znlidi. 1933.24, 185 3(0 

* ,/ n,w .v'w, 1908.73, 3157 * ■> C'Ac'ii -V. I'll 1.991 

’* / imn ('hem SoC 1931, 46, 38li8 '* Znl^ch iJi’/aiLil ^'krm . 191.7, 82. 20] 

J Amn Chem i'oc , 1933. 44. 1481 ” J Amn i.'hnt, ,<«, lUill. 44, 1361,3948. 
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More spMnlWtve in character is the Second method of approaching 
ithis question from tho snpiwscd electrical structure of organic com- 
■ponmls. The problem may be exemplified in the case of the com¬ 
bination of ethylene and chlorine or bromine. At low temperatures 
these gases ilo not react by bimolecular collision.' Undoubtedly 
compounds are formed on collision of the type (t' 2 ffi - Rr^), but the^ 
energy of actuation is so high tliat combination to the dibromide 
does not occur. At high temperatures it i.s iirohnhlc that true hi- 
molccnhir react ittn might result. 

This reaction is. howeer, readily calaivseil by siirfaccss.- and it is 
found that “ pidar ” surfaces arc more l•IIcclive than non-polar .surfaces; 
thus, paralfin wax is, as shown by more recent mipnblishcd cxiicriments, 
qpilc inert as a i-atalv.st. a water or ammonia (ilm is more elfcetive 
than I'ctvl alcohol, which, in turn, is .somewhat, less clfective than 
stearic aciil. Although it cannot be definitclv stated on account of 
our lack of hiiowicdgc of the structure of the surfaces that “polar” 
grou|is jiosscss dilTcicnt lutivitics. il is clear tliat the " polar" groups 
are inori' cn'cclive than non-pohir gronns. This oonisqition is an 
exemplilieation of tin' idea originally pul forward by Armstrong® 
that elictmcal action is reversed electrolysis Whilst, it is clear that 
the eataivsl has lowered the critical energy increiivnl necessary for 
the union of the gases, the hypothesis of .Vrinstrong would lead us to 
antieijiate that tlie striictuni of the ternary comph'X, gases-snrfaee, at 
the moment of formation iniist be similar m ehs'lrieal properties to a 


cell. 

Our ideas of the electrical structure of complex organic molecules 
are at the ]n’e.sent time undergoing rapid e.lianges, and on such 
suhjei'ts as thi' transmission of “ polarity ", the dissoeiation eonstanta 
of org.mic acids, and tlie .structure of double bonds, opinion is sharply 
divided.' Tlie following considerations may he put forward as a some¬ 
what genend expression of method by which it is hoped that- an adequate 
understanding both tif the nature and stability of these catalytic 
complexes may he ultimately arrived at. The conception of tho 
catalvst in jj^ose liquid reactions as a charged ion leads ns Ut consider 
that it is not alone the kinetic impact of collision that effects dis¬ 
ruption. blit that, in addition lo the energy supplied by kinetic agitation, 
which .solvent yioleciiles could siqiply etpially well, an electric dis¬ 
tortion of the molecule is produced simultaneously. Indeed, it would 
appear that this electrical distortion produced, or the electrical work 
done in approach, is a mucli more important factor than the kinetic 
(ac’tor. There are few catalytic homogeneous gas reactions, owing to 


* Stottnrt nnrl EtJIuntl, ./. Ain(r (‘firm. Sm-. 192.1, 46, KH-l. 

* SU'waTt iiii'l ivditini). J. Ainrr ('hnii Snc., 1921. 46, 19|4, Nurrihli, Chr.m Sor., 1923, 
123, 3iH>6. 

• a J. Chfm. Soc.. IfWo. p. 11>. ihul, 1891. p. 145. 

* ^Joc Trrtn-v. Farnd. 6'oc , 1921, lor ft rt'-mimc tif tlio suhjoct. 
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tiic altsiMicp of olcrtrir offi'f (s Tin' fatalyst. must thus form a transitory 
highly ri'afttvc flii'tiiifal corii])<*aii(l with tlif solvated reactant 

Saturation of a double bond. -Snirc the d(nil)le liond in the etliyleiic 
moh'dih' is broken when the dilironndc is formed it is assumed by 
rniiiiy, espeMallv liv Lowry, that aetn.ition (oiiMst.s in the lireaking 

(ifadoiit)h liotid to loni! a |iol:ir uioh'i iile CH^ - Cdl^ On tlu'assain|)- 
tioii that tlie \aletKV ehelroii of llie lioinl fitrnis a liimiele.ir orlnt thi.s 
profess may la represented (li.igianiiiuil leallv as follows 



In 1 Ilf ease of sijlistitiited iHisyimiiefrii.il ediylcne iiiolef'iih’s we iiiiiy 
represi nl I he rii[iture on I Ins poiiil of v lew 


+ 



where IC lilt' siilistitiieiit group. leiidiTs fill* group UCll moie eleetro- 
negati\e thiiii (’ll;. 

It IS fotind. however, on the addilion u| Kiiliat.iiu'es Mi( li as IIHr. (hut 
two eoiiipoiiiKk are .ilwii\x formed, HCH.^ ClI^Hr and lU’li Hr CH,, 
niid foi this reason it has been suggestI’d lli.il flu' e\( ited or ai 1i\a1f‘il 
ethylene inoleciile is iiol ntaessaniv ‘ nuiixed but tlial ihe eleitron 
travidx roiiinl tlie two nindei in sneli ,i way that it leniaiiix bo a longer 
time in the orbit of tlm H(MI ibaii of tlh' Clk gioiip a \ii'W will! Il can 
be diagriiinniatie.dh piesented as follows 



Thus the (onipoinid will be osi dl.itiiig in “ poliritv ' ax ilie ehs iron 
moves 111 Itx ollnl roiiml one ba ti> lo the other, bin fhi‘ IP'H will 

exist loi a longei lime than tin* Cll;, and the eliame of reuelion by 
Collision 111 tills form tlius mon* f.i\oiiint)Ie As ni fin* h\<lrogen 
fliloritie eombnmtion, the halogen moleeiile Is mor<' easily exi ited hi the 
[iresenee of a polar molecule sudi ns water Reaitioii thus ensues 
between the etinleiie iiiid the haloeen throilgli llm aueiiey of water, 
primurilv by sfabiiising tlie active form of the Jialoeeti whieli reaeta 
with the elhylene when in one of its j'olar fornis 
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Thu activaU‘(l (‘uin{)K*xos on this viow woulil b<* reprosontwl tlia' 
grammatically a'* 

ECU Cl HCH Cl 

H..0 ami H..0 

CIl, (1 Cilj Cl 

Contrary to the on-^inal Miyp-Mion of ionising the d<'ul)]e botnl luikago, 
the catalyst itt'-rdv a><i-ts m actnatine lltc halogen or liulnlc, ami by 
forniinL' a ttmiplev with ii winch po^sessch a Miialh*r iMicrg) activa¬ 
tion Tins vic\s could he put to cvpcriniental protd. tor catalysts 
should not alter the ratio of the two products formed on tin- adtlition of 
halide acids to asvimiietric ^uh^tlTuted ethvh-iie derivative.'.. 

The hydrolysis of esters. I.ourv ’ has developed. <ui the eoiua-ption 
of iom,>alioii of the doiilih- I'ond referred to aho\e. a ine<-han!stn to 
interpret tlie llV^lrol\^l^ of e'^f.■rs hv h\<lrogen or livdro\yl ions. 
Aceordine to thi.' view tie- aettoti of these ratal) sts <ni tin- ester can 
he diaoraininatii alK represent'')! a^ folhovs 

C O 



c t)Kt - > 

I I ll^e 

(i) " 


(I 

)' - -0 

1 I 

oie n 


E) —> 
lIjO 


oil II 

I I 

('ll., (' O El ► ('ll/'OOII ‘ EtOie 11,0. 

'll 

on OH 


The fiinilitui of the catalyst is to convert the elos<“d form (1) of tin; 
ester iul(» the ampholene bipolar moh-i iile (-) hy (u) direct addition 
first of the eatalvtu ion. {/>) attraction of the ion of o})posile sign, thus 
clTectini' the additnm of the eleim-nt.s of water. 

.V slight nnniifnation of this view would he more in harmony with 
the idea.s already referred to. W*- may regard i;»pially well the process 

' .Soixaj Coiif-ri'nic, llli.j 
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of solution of an cstor lu wator 111 the absence of a catalyst as effecting 
the formation of a complex I'Ster-water, according to the scheme 

0 Oil 11 

!: I I 

('ll, (' OKt -> ('ll,- (' - 0 OKt 

I I 

on OH 

The iiiiliydruleil or less Jiytlr.iled form of the catalvtic hydrogen or 
liyciioxyl Kiti can im[)act. form an iiustahle ('riin[ili'\ uliich breaks 
down (o acid and water and liyilroocii nm afrain as folhiws 


Oil jl 011 II 0 II 

I i . II II 

(JJl, ('- 0 KmII ^OII, (' 0 Kr ->01I, (' vO Kf, 

II II II 

Oil on on (III on on 

dl (2t H (d) I'l 

0 

l! 

-V 11 i (’ll, C t Ktoll I 11.0. 

I 

Oil 

where the arrows in (d) indicate the |ia'hai;c of the clTettc<l 

by the collision of the stable inohs ulc (i) w ith the hi“ld\ acli \ e charged 
ion In a Hiniilai inamuT ue may write 

I on 




on 


11 


on 

11 

OH 

li 

TO 

K 

1 

1 


1 

t 

1 

CII., (’ 

0 Kt, on 

■-->(11, (’ 

0 Kt 

.(11, 1’^- 

O-Et 

1 

on 

1 

on 

1 

on 

1 

on 

('m 

} 

Oil' 

11,0 1 

('ll|(’00ll 1- 

Ktoii 1 oir 





The ealalytie acti\ tl\ of the two ions is, on this \ n“w. t<i be ascribed - 
to the stable watei-osler complex (1) being idictnn.ilh riMetivi-. the 
catalytic ion being attached at one point of the inoleeide and one 
being .siib.se(|iicii(]\ liberated at another jamit There is definito 
evidence for tlie ni|int Indrntioii of csti'ns ami sugar'- in aqueous 
solution, the ningmtudi* of which is. Imwc', er, im enlerion of subsequent 
speed of hydrolysis or iinersion mid it is to this complex that the 
catalvtic ion is added, nnotlii'r 1011 iea\ing the molecule at another 
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point at tbo moment of <ieconi|)o.sitioj>. That estoM may be Regarded- 
^ amphoteric electrolytes capable of uniting with both hyilrogen and 
•hydroxyl ions was a view originally j>ut forward by Knler (sei* (’ha]>ter 
XTII.), who lias been able to measure both the acid and basic dissociation 
.constants in a number of cases Whilst Killer's iine^iigatiuns afford 
a clear argumeiit wliy tin- formation of the complex ions from the 
ester with either of tlie catalytic ions of water otctirs. tin* leasoii why 
these are particularly reactive ean only In* arri\e<i at from spceulAtions 
and considerations «»f tin* nature alreaily discuss<‘ii. .Manv other 
examples of attempts \o ft>rmulate the mechanism ol tlie rearlion 
audio account for tin* iiistalulitv of the complexes h.ixe been investigated 
in this way, such as the miitarotatioii of the suujirs ,uid the d^'composi- 
tion of the rhloramine-i 

The most detailed exaiiunation of a e.ise id liomotieneons rcai'lion 
in which anions exert ■\ calalylie actnui has been made b\ Hronsted 
and Pedi'isen,' who inxestiealed the (atahtie dei onijmsifion of 
iiitramide 

N’ltramide deeompos*-- in solution .lecordiiig to the reaction 
1 LX,(», -V ir,() . Nd); 

the (lecompusilion is strough’ calaixsed }»v anions wliuli mav here be 
represented as liydrogen ion aceejitors and the meelianism oj reuetion * 
depicted as follows : 

IfaN/), • A' (ATI) : iINVh'- - <»!!' ! X,(). 

In aipicous and in sligliily acid solution mlramide undergoes a slight 
decomiiosition which is iinalTected bv the iialnic or sfrengtii of the 
acid present; tins sjiontaiieoiis deeurnposition mav be regarded as a 
measure of the liasicity of the water with wlneh tiie nitramide reacts, 
according to the reactinii 


1KNA).> I lU) 


11., 0 • UNO.,' . H.o i oir , N.o. 


If the concentration of the nitramide be /■ the reaction velocitv in 
aqueous solution will lx* 

(/./■ 

,// 

In tin* ()resf‘nee of a catalyst of conci'iit rat ion r we obtain 


or bv 


\h- l-'r'l 


In aqueous solution it i.s found t<» be at with a half life 

of 13*2 hours. 


jrhi/fihi} (’’hrm., JM, |S 5 
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liri'tislcd riiul lVfh'rsi‘ 1 ! Iiavi' cxaminvd the catalytic activity of the 
aiiKiii.^ of it iiiiiiiixT of oryaiin <u'nlf> by (Ictcmiminj; the rate of reaction 
III tlic [in's<'ii(c h) llici) ;-,dl>. loiii'lliiT vvitli siliilciciit iuid to prevent 
tin- fonn.itioii of liwlioxyl loiii l)V liwlrolysis ol llic bait la the 
following talih' .iie c;iveti (he oat.ih tii m livity of the aiiions invebtijraled, 
toi'ethei uiili tlu' diss(iei<aioii constaiih ot the ai id.x It jh interesting 
to Hole an einpirnal ii'Litioiisliip lictweeii IIk’m' two pritperties 


I l’t(>|lll>UIl 

Am'Ih 

I I'luiivlac li 


|•'ol)lll( 
llii lilol.iH te 


Ohhii I,a mil \ I liii il \ 1 iiii'I till 
I'liii'l ml A I 


I 11 lO 0 lifi 

Is lo-’ (1,111 

la 10-'' O.M 

II 1 Id- ’ 0 I'l 

J| Id-' ddSJ 

1 d III ' ddJI 

1 d In - dddii( 


(>1 
I):! 


They hiive iilho extended tlieir iiuesliKalioiis (o the aiiioiis of the 
|mi\liasii' .11 dK Tlitl.s, in the ease of f.,ilis of dihasir ,uids there are 
|iiesenl Id sohilidii two .iiiioiis eineiiH'd la tiie ei|i)ddiri,i 

ii.vr^i'i i iiv' 

tile velo(-il V ol di'i oiiipOMfKill is .K (ordinelv gi\ ell l)\ (he expression 

loe :/. 1 I ///A 


where // and / " are I In' eatah I le (oiislaiil' of the .inioii' IIA' and A’* 


re.spei h\( K 

TIh' results idifained were t xceedlliulv interesting in flie light of 
tlie pl'ohaiiillt\ <d disMUiation in llie two sl.ioes 

II ive eom])iire I he dissoi nil ion ol the two ai ub. < aprv lie and suberic, 

V (’.ll|.rOO' , i'l K ill 111 * 

(’OOli (•()()' 


l‘„ll|,' 

('(Kill 


V A, do in 

coon I H 


we mav regard the lesiillaiil di'-soi lalioii loiisiants which sliiiul 
III the ratio ol I 2 from a purelv statlslual point of \i<'w We 
euii artsiMiie (hat the oreunie ions of e.uli aeid are eipialh [ivdrophilic 
111 (diaiaiter. the proli,iliilil\ ol each ai id losing .i livdrogen nui from 
one (tirliowl group ami its reioinlniiatioh lieiiig eipnil Tlie dibasic 
aeui, tiowexei can lose a livdiogen loii Iroiii i‘iflier earlio\}l group, 
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in 


but comljiuution cun only occur with the ^roup which has lost the ion ; 
in consc<jucncc. wr initihf antii‘i}»atc Ihut the ilissoeiatinn constant 
which repri'serits the ratjo of tlie speeds of disMiciation and recomhintt' 
tion would he twice as jrreat for the <liliasic acid as for the monobasic 
'eciil, a comlusion jiistdicd li\' the c\)ienmcMlal d.ita. If we now 
compare the momdiasie acid with tli-' disstuiation <'1 the dihasic acid 
in its seCiUld stage. 


,,(■11(111 C.ll, 

rtuT p fl 

('(Id' 


' V e„ii 

■ 11. 

Cddll 



and again assiinn' tin' two ions tn he e([iial!v It)dropliihc in tliaiaeter, 
it IS eh'ur th.il tin* pioi>ahilit\ "f diNsoeialion lor eaeh a< id is identical, 
blit the chance of rccoinltinatioii i'- twnc as giral for ihc diltasic aci^l 
as for the monol>a''ic acid W'c thus <ihiaiii what may he termed a 

staiistieal faeltir rcL'iilatin;; llie ilegr.I dis'«oi lalnm of poKhasie. 

aenis in winch tin- iunon^ aie ei|iia!lv lisdritplnlu These laetors ari’ 
shown in the foliouing tai)lc 

I Us-.(pi l.lM'ill s< ,i) I I, t.il II 




^ H (J 

1 

it,'.* 


^ ll<^ H 


\\ty 


^ {}■ n 


I'll, 


^ I’M . ■ H 


1*1! . 

•< 

‘ fit M 

I 

!‘li 


V ,, I'l 



in the light of the.se eonsiderations tlie data of I’.rousted and Ihslersen 
for <!iliasK' aeids and the Inhasie iiliosplnirn at id show a remarkahle 
uniformity, us is dear from the follt.wing taiile . 


\<i.i 

/'I 

>1 1. k 

(.(A,l“" 

/>. 

)l k k 

(..ft,)'' 

lMniS|)linl|( 

S-'.I lo-5 

\ ll•l•(l7'l 

•;lo-' 

1 '.1 lo '' 

I si) 

7-2 10- 

Tart.iii' 

'1-7 to ‘ 

j o-ti;it;;{ 

f. ;i to • 

:i'7 lo '• 

i O'li.:. 

ii-2 Hi ^ 

' inn 

4n.*i to ' 

\ iKiio 

♦ i-O to '■ 

J-l lo " 

l 1-sli 

n-l’ Hi 

M.iin 

no lO ‘ 

), onTur) 

I'rl He’ 

O-'.l lo • 

'i 0-7:! 

icS Hi =- 



Me.Ui \ ,»lin 

• e, lo " 


Ml ,in \ nlin 

■ u-i Hi 


It is clear that the catalvtic decoiiipositnoi of intramnle in the 
presence of the salts of various polyhasie ainis permits us to olUain 
information on the statn^tical factors of these acids as well as Ihdr 
dissoeiation constants. For tin- tlissoeiafnui of non-symmct.ricai 
dihasii' acnls, the effect of asymmetry on the stutistnal factor might 
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bo (b-tiTtiiiticil ftoiri i'x-j)priitii'iil;il values of k”, tho catalytic constant 
of llie .uiiotj, uiiii tlie value 0 2 lO'"’ of tlie njiistant 

Till' iiH'iliiiil iii'imils ol (-cveMl iiiterest-iite applicalious Thus, 
llji) lia'e (Iive‘,ti”ali''l .1 tyjiteal |iM‘iiil(i-.ieii1 ill the fonil of nitro- 
ufel li.uie rtiiii li. Its sIkhv ii h\ [!atlf^'^( li,' < an cMsI, in two loriiis 

NO, Ml t'OOr,Il;,^'Mijil^O00-N---N.O01I 

l'<ii)iiiiiiiiiith,ini .^li||||lrclll(all' 

TIk‘ ami fiiim i.iii tiiaJi'igi) iliNMieiatioii yielding a ealalyt.ic anion 
(\||,0(K' N N'Ol)'. vvtiiih was fniiiiii to vield a eaNtlytlc constant 
ol lOKllil) Imiiiii minlin hvily il.ila the dlfiSoflatlOli (onstant A' JR 
fdiiml III he I 2 li) V’’ 'vlu'iiie llie eitiistaiit IS found to be 
J (iiS |o ' III amiie SIX limes smaller llian tlie value ohtamed for the 
otliei amis ll miisl he cdin lij.|eil that the title stnnigtli of the acid 
iiitidiireili.iiii' IV sdiiie ei;jlil limes greater than the value oliserved 
wil ll t lie |isendo actd 111 Sdliitiiin 

Aeaili, Sint' the (le(()in|iO'il)()M tale ol nillamiile iv (lejieiideitt mj 
llie [iieseiKe ill )tvi|i).)ii .iiiepiiiis III llie so|iilj(iii, all suhsLaiicea winch 
fiiiiilidti as l),iv<‘-, III iliis sense aie «.tlalvln ,illy aiLive We liave 
alreiid) nofetl fliaj iviilei nia\ he jeeaided as a have itt that it can 
act e|it li}t!i'd;‘eti nm.s and does in fact |)dssess a small eatalvtie activity 

The e.il.ihlic ,u tivilv eoiislant o| aniline vvas found to be /, --U-5TI. 
bnmsled ,iiid I'ederscn |ioHit. out ili.i) the value of llie dissociation 
eoiislant ol ij"' lou 

OJIjNILIl ^ ^(’JI^NII, I i'l A -2(1 10-^' 

IS MTV ( lose lo 1 liat (ll ,l( elli ,|( id. 

I'll,('(Mill I'l A'- I« III 

and, as will he noted, the s|ieeilie eal.ilv he jk livilies are almost ideiiticaL 
The values foi inaiiv livtlrogeii ion atcejitois aie sliown in tlie jollowiug 
tahl.‘ 

/ 

Hall I ■' niiimj.s 

\llllll[e J n )(|-^ o djl 

l^illlK.lme IL’IO-'’ I!) 

iniiiellivl.diiliiJi (>■( In ' 

I’tiiilim' t I [0 " in 

The efled ol neiilial sjll.s in imreasine: die ionic adivity h well 

cXi'iniilitied in 11.. of I lit' addilioii ot [lOt.issinm iiifiale lo [iropiiniic 

aciil, in w hit h the hillowine data were ohtamed 

tVii nxn oiui nitii nioi 

I'kso, (I nnj otr, oi 

1.10- 114 dv> 12s inj 

d itii.dl to-' ■'> 

/ |. im I 17 I 34 Us 1 44 

A lO" I :n ISO I'III 2(17 
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TIIFI TIIKOUN (U' nirnUuniJAKoi miAlA nr ItnAlTloNs 


HtTKluHiKNEoi cutalx tic nactioii.s ar*- ihosc tli.it lake i»lac(' at 
surfaces Wliilst iiuiiy «\'amjt!i'.s of rractioii.s arc kiiowii winch oicur 
either at soU(1-;.'hs or solel Iiquul iiUcrfaces. imt h w eases of eat.ilvliu 
reactions at liquhl-jia.s int<Tfuees ha\e l*erii estahlislii-il with leiiuinlv. 
allhoii}'li Ifitleal and \V«»lf' lia\e exaimned the dot met ion of inniin 
at an air-liquid ititerfaee. and Norrisli lunl Kid>'al- the ealai\ In inlluenee 
of oxygen at a liqind siiljdiur livnlrojicii interfan- Tln ie howeviT, 
little reason tt) diMlIit that tlie S|K-el||e etl'eels due *•' tile properties 
inherent at all inlerfaie.s will have their inlliiener oii reactions taking 
place at Inpinl snilaics 

Of fundamental importance m the theory of tin- meeluinisni of 
hetcrogeneoiiK eutaKiu aitioiis is tie' eMstmici’ of an mterfaelal surface 
energy. In the (use oj liipini-gas m lnjnid-Ii«|iiid ii.lerfaees the iree sur¬ 
face energy o is jeaddy determined hy various e.xjierimenlu! methods, 
ami from a knowledge o| this value .is well as i lie lemperataire coellieieiit 

of the surface energy the total .surface em-rgy u may he calculated 

with the aid of the (iibh.s-IIelmholt/ e«juation 


<T 



Wc must }Mistnlale ilie e.xistcnce at the intiiface solid-gns or .solid- 
liquid of a similar .surface energy. ahhoiti.di, owing to the immobility 
of one phase, its value catinoi readily he deiennmed. The existence 
of such a surface energy in solids is in fact conlirmed hy the phenomenon 
of cohesion, for, on cutting a crystal, two suriuecs arc formed m wdiieh 
the previously locked cohe.sivc for< es are now unsaturated, In general, 
the surface atoms id a solid are situated uiisynimetrieal]y to the forces 
of cohesion as compared with the intermd ones. Attempts have heen 
made to compute the surface energy of solids hy imlireet methods, 
On the supposed analogy lietween small crystals ami small drops, the 


‘ /‘r.*- lln>/ Sijc.. I'.IJl. 97\, lOli 
* J. I'hnn Sm.. 123. IIW , mil. 126. UW5i. 2<»7o. 
09 



60 CATALYSIS IN THEORY AND PRAGTICE 


increase in solubility of a crystal as a reciprocal function of its radius 
has boon iifilisod for this purpose Although the analogy may b$ 
criticisod, till' inagnitudes of the values obtamoil are by no means 
unreasonable 

SiiKc, in systems not in er|uili!)rium, ri'actions may proceed asso- 
imtc(| with .1 decrease in free ('iiergy. if ailsorjition (at an interface) 
of ooiistitiii'Tits [treseiil in a jliiid bulk ])liase js associated with a 
(lerreaHe iii the free siirfm.e miergy, such a reaction will ensue Wo 
shall havi' oiiasioii to note that tins [iroperty of a<lsor|)tion is common’ 
to all iiilorfaoos, that at ]K(niii inforlices tlie magnitude of the effect 
(Icpmh only on the properties of the arsrom, but at solid surfaces 
the physical s/rmtiiro as well as the cheniifal jiroperfios of the surface 
have to hi' taken into ciitisiderafion 

Adsorption at liquid interfaces. - On the addition of a solute to 
a liquul a change in llie surf,in' energy of llie Iii|Uid occurs If the 
added solute has the ctfeit ()f dmunishing tiie siirfar'- energy, the 
eoiicetitralKm of tlie s(dnt<' in the surface film Hill bi’ greater than 
that in the luilk of the Inpiid The (|U!iii(it.itin' rektioiisliip l»etvv<'eii 
the, excess (oiieeidr,it ion of the siirfm e film o\i‘r tiie bulk of the solution 
and the lowering of the surface tension has lieeii de\elo[ied bv W (libbs 
and Sir d ,I Tliomson In ih simplest form we may express this 
relationsinp as follows 


where I’ h the e\<ess siirfai'c eoneeiit ration m grin -niols ])er s([ cm , 
fr the siirfaci' tension, 

[ llie cliemteal potential (d the sniiite 
If file solute olie}s the laws id idinii soiiition. then 


wheiK'c 


I '111 c </(/ 

HT dloge^'/rfi/e 


Similarly for those eases in wliicli the solute elevates the surface 
txnision (d (lie liquid tliere will lie a smaller eoiicenlration nf solute in 
the surface idiii than in the bulk of tlie liqiiul 

We are thus iii a position to calculate the tompositioii of the surface 
filiti, frequently termed the (Jilibs layer We have not. Iiowever, 
made aiiv assimiptioiis as to the thickness of tlie film in wliudi the 
forees of surface lensiun produce a nuidilicalioii in i hetnical eom|ioMtuin 
We shall lia\e (Hcasion to observe that the investigations of Lord 
Rayleigh Langimiir, Devaiix, Lalirouste ainl N K \dam on the 
elleet of insoluble futtv aenk and their dernatives on the --urfaco 
tension of water, iimke it ]iraclnally certHiii that ihi'se substances 

' Fur tiDii iili-ftl wliiOoiis ! I HI' loi; a or /, H Hru>g ye wlictv y I* iIh- ikrturlv co 
t'lllfH'Ilt unit U (111 lIuTtlUHlMIklllU adlMlk 





HETSROOEKEOUd GATALOTO REACTIOJ^S " -61 

■j>read ovvT a water surface in a unim))lecular layer. Eor soluble 
liubstances, direct evidence for the unimolwular character of the Gibba 
layer ia not forthcoinin;:. but jt may i)e concluded that in many cases 
such an assumption is justified. The evidtuice for thi.s a.ssumption is 
twofold. In the first case, us pointed «>ut by bnnjimuir. if it ho 
^sumetl that the Gi])hs layer is unimoleeular in character the limiting 
3kreas per molecule for organic substances, which are ailsorbcd at the 
^terface, calcnlatetl with the aid of tin* (Jilihs ecpiatien, are in goo<l 
^reement with the areas anticijiatcd fnun other eonsideration.s. 
Again, if molecules of tin* solute arc jmsitively adsorbcil at the interface 
„We may regard the lowering of the surface tension of the pure solvent 
•by the solute f-'-<TQ- a v,i.,tK>N a.s Itemg due to the kinefn- agilafioii of 
the ad.sorheil solute nioleeules on the surface . thus ^will he Hnalog<»us 
to a two' dimensional osmotic or gas pressiin- Tins suggestum. 
originally put forward hv Trauhe, was rejected hv later investigators, 
notably bv .Milner and V Sezyskowski. for the law f.t -H'l\ the 
two-dimensional e<nnvalent l<» tin' threi'-dimensional law /M’ U'i\ 
W'as found tint to express llie observed relafmiislnp between /' ami .i, 

where F is defined as aijove and ,1 as j, 

A more careful «*\ainmati<ni of the sfat«‘ of 11ns . ao - dimensional 
solution, however, by SehofieM and Hideal ‘ has imliealed llial tlie 
surface solutiinis are alwavs relativa'lv eoneentral<-<l and may be 
r»‘garded as i‘(puvaleni lo gase.s at lugli jiressiin's or to .stnnig solution.s. 
The two-ilinieiidoiial analogue tif Amagat's eijuation of .state. 

F{A -- li) 


where Ji is the limiting area and the eueflieieiit of assoeiatiipii, is 

found to agree with the ex]M*rimental data, aiul the AM curve's of 
solutions of fattv aeuls and esti'rs an* found to reproiluee to a surprising 
degree of acdiracv the FV curves for gases such as nitrogen and 
ethylene. 

j Whilst on surfaces of most Inpii'ls the iJiblps ]ay<r is but. uni- 
moleeulnr in thickne.ss, it cannot be said that tfie ad.sorbed solute 
posses.ses all thi' [properties of the pure soluti* in bulk. Tims, saturation 
of the Gibbs layer in tiie ease t)f ethyl alcohol-water mixtures pieeiirs 
at a ronrentration of ()'3 molar, yet the surfae<' phase, altlioiigli con- 
swting of pure ethyl alcohol, i.s by no means identical in properties 
with a free surface of ethyl flleohol. Kvo'ii more definite m this liireefion 
are th<‘ exjieriments of Iredaie “ on the adsorjpfion of vapours on the siir- 
faee of mereurv. Wliikst the surface t<*nsion of mercury is lowered very 
markedly bv the ad.sorption of a unimoleeular layer of va{>our such 
as ethyl acetate, benzene, or water, and the lowering is more pronounced 


’ I’rrK Hoy .SV-, 107,i, -tl- 

» Phil. Mag. llll’a, 46. Ie9!». 48, HI,5, ITiT 



■Ke more' closely packed the unimoleculat film on th«t sarfiicer,''^ 
he vapour j)re3Bure of even a closely packed unimolecular filtfi^ja 
ban that over tlie pure liquefied vapour at the same temperature. ’ 
From tliese and Tredale.'s expenmciiis we imiy eoncliidfi that t§e 
iuildin{» up of the primary (iihbs layer is associated with a marke^ 
liaiigo in the siirfare energy of the liquid udsnrheiit, and that th^ 
milding up of (lie secondary films or diffuse Liyer is associated with a 
iirther definite liut Very imieli smaller di'cr('a.se m free energy 

111 dealing with tln‘ adsor[ition of vapours and liquids by solifbf 
n; siiall again have ocdisioii to note tli.it the formation of what ra4yr 
c terirunl (he [irimarv film. lumTioieciiIar in diarailor, is associated 
/ith large thermal elfc.'cts, hut that in many cases secondary film, 
iirmatioii, winch niiiy hr inullimoleciihir in iliickncs'.;, also takes place' 
Evidence for molecular orientation m adsorption at liquid suN 
faces, 'The workcommenenl hy flic late J^oid Iluvieigli ^ and developed 
by Hardy/ Murcclin.® J,aiigmiiir/ laibronste,'’ Harkiiis/ N K Adam/ 
and others, on the surface tension of soliilioiis liii> gneii us a deeper 
insiglit into till' mechanism id adsor|)tioii. the hearing of whieli on' 
catalytic processes is of fumlaiiiental iniportaine 

If we hnng two litpiid surfaces together of siirfaee (eiisions a,,, an 
to form an inlerface of surface teii.sioit rr.i/f there will be a certain 
decrease iii the free energy of the systniii given hv tiie expression 

H’-Ot + tC/, (TU! 


[n the following lalih' are sninmansed »<ime of I he values lor thia 
del reuse in free energy when vaiioiis liquids are hroiight into contact 
With water anil niereiirv 
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when a liquid M broJ^^lj 
markixl whi'ii the former^ 
Ibontams certain reactive groupings such as flic halide, sulphide, and 
^j^ydroxyi (or mercury, and the hydroxyl, oxonium, and carhoxyl (or 
■ water. 

',*■ The decrease in (ree energy is the result ot the action o( the 
adsorption forces between the .surface layers of the two liquiils, and it 
IS evident that the.se aiKsorptive forces operate on a specially reactive 
'.part, of the inolccuh'. Tints in tlic casi' of fatty acids tloating upon 
the surface of water we should anticipate that the acid would he 
anchored to the water by means of the cari^ox^■l group, sinci' the 
hydrocarbon chain possesses hut little adlmsion for water. 

Direct confirmation of thi.s hypothesis has been obtained bv ineasiire- 
• ment of the surface tension of water to which definite anioiiuts of , 
.the highly in.sohible long-chain fatty acids, alcohols, ami subslitiited 
urea.s di.s.soivcd in benzene have been added. If a delinito i|uatility 
of fatty acid, c.i/. palmitic arid, be dis.solved in benzene and dropped 
upon thesiirfai e of water, after the CNaporation of the benzene the water 
will bo covered with a layer of palmitic arid and the surface tension 
of the water will be lowereil. If the lowering of the surface tension 
bo ]ilottcd against the urea of the water covered woh this ainoniit 
of palmitic acid, a ciirtc of tin* following form will la* obtained. 


deerease in free energy 
Hnto c1t«rta0{ with water or mercurv is most ) 
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It will be noted that the curve is divisible into three parts, a linear 
portion CO, a second linear jiortion mi', and a ciirvci! portion a'x. 
The explanation of the curve obtained is readily understood from the 
following arguments. 

If a small quantity of fatty acid be allowed to expand over a wide - 
trea of water the F. J relationship will be defined by some point 
tmthe curve iii the region a'x. On contracting tlio area the force, i.a. 
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th<- apfiaront lowt-nng of tho stirfaw tension, increases but slovHj 
until, at. the point a', it rises rapidly m a linear manner At the point 
a, under liiglier eonipres'uons, there is a lireak m the curve, which pro¬ 
ceeds ufiain in .1 linear manner to the point/, where an abrupt change 
II) (he snr/ai'c /cMon in iwU‘d 

From a li'iioB'le/J^m 0/ the number of ntoloenle.s of fattv acid placed 
on the measured area of Baiter, the mean area pi-r moieriile on the 
a,ssiimjition of ,i iiiiiniolecnlar iiliii correspondiiig to the pressures a' 
and rt eaii readily he deterniiiii'd Tlie ]>roloiigation of the ca eurve 
to li' gni's 11s as the area jier moieeule oh' 21 A of oh 25-2 A The 
iiir<'re,sting points m eoniieetioii wiih these nieasiireiiients are, hrstly, 
tliat. on tlie iissumplioii that t!ie diaisitv of palmitic acid m the thin 
film IS identical with ijiat m the bulk, the eoveniig powiT of the fatty 
acid, from our knowledge uf the apjiroviniale si/ea the iimlecules, 
|•ollfinllS (iiir previous liypotliesis of a Miiiiiioieeidar layer ol fatty arid 
nioleMiles on till' surf,lie of the natrr The seiond |)oiiil of interest is 
that if .siiiiilar eiirves for otlier long-chain fatty ands be made, the 
areas per moieeule eorrespoiniiiig to flip pressiiies at n and //', / e at 
the breaks in the i urve, ,ire iil('iitir.d willi those of [taiinitie aeid, as 
H eteitijilified in the following (laid of N K Adam 
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Ail these carhoii i luun aeids liave ,1 dilTeient iiiimber of laiUm atoms 
111 then I'tiaiii. \et, under eorresiiondiiig roiiipri'.ssioi).-, m a surface 
him occupy nlenticdl areas We uiii (Inis (oiielude (l.aiigmuir) that 
all the tiioleeiili's of l‘ll(■)l lU id, iiiidiT lliese eom[)ressiip]is ,it ,iii\ Mte, ,are 
orientaled 111 a vcilKid |iliiiie tn the wafer siirfaie and tliiis |‘reseiit 
e(|ii,d 1 ross- .■elninid areas to llie hiterul roin|)res'-iiinal force 

On this iissiimplion of ,i \erlieal orieiitatuui of llm inolceiih'S wo 
must aei mint for tlie fact that the inuleniie ol the latls mid apparently 
|io,sses.scs luo pails of dillereiil area iindei zero eonpire-sion "1/ -21 A , 
(if)-'-2riA jiossessing ilillerciit eoinpies’sihilitles These, as N K Adam 
has [Hiinli'd mil. <orre.s[)ond to tlie hvdroeariioti eliam oh' and the 
eiirlioxyl liead oh' The area oh' of 21 A sliould thus he .1 measure 
of the (Toss-seelum of a liMlroearfioti ehain Now tlie nioleciildr 
Volume V, ee at file m |i and the distance lietweeii the 

earhoii atoms in a diamond is 1 ,^2 A . lienee the aiea of a CIL group 


17 ^ 

**'*''^* N 112111 " 

If the urea 2r) 2 A corresponds to ihiit of tlie carboxyl head 
immersed in the water, the repliuemeiit id this head to tlie molecule 
bv other groups should giM* ditlerenf \alues to oh Some of N. K. 
Adam’s values for the areas of various heads are given below 
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—COOH 
— C=CH. 
-NH-CO-NH, 

--CH,r.V 

Area In A.V. 

26-1 

28‘7 

26- 3 
<2J-5 

22-3 

21*7 

27- 5 

- ( >>H 

23-8 


23-7 

—'t-NHCO('H, 

2H‘2 Mow 24" 

2.VS above 29' 


23-S 


These conelushins, hased on the stuily of films of rehitiM'ly insoluble 
organic compounds on the surface id water, which have been amply 
confirmed and e.\fcnrlcd in various directions, go far to substantiate 
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the statement that the inolecidea in the (libhs film are definitely 
orientated and attached to the adsorbing agent by a a]ieeifie (or more 
tlian one) point of attachment' 

Adsorption at solid interlaces. The adsorption or surfuec saturation 
of a solid by a gas or vapour is frequently complicated by processes 
of solution to form either a solid solution or an actual chemical com¬ 
pound with the adsorbate. Again, in the case of many porous materials,, 
the pores or capillaries of the solid, when of small diameter, offer a 
by no means negligible resistance to the How of gas, in consequence 
of which penetration may proceed for prolonged periods of time. 

As has already been indicated, owing tr) the existence of a surfae,e 
energy in solids, we should anticipate, on analogy with liquid interfaces, 
the adsorption of gases or vapours if attended with a diminution of 

* It rosy be noted tlut (be poiftr head of a Atm tm n valor nurface is tiot neenuariiy 
Attecbed to only one water molecule. From a study of ttcl formation it a(>|>eara more than' 
Ft^iabSe that a cluitcr of water nsolecalcs are altacbod to the “ hydrated ” polar head 
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ihe frpc aurfacft energy of the surface In addit ion, substances possessing 
• a high specific surface and a concomitant surface energy, such as 
. charcoal, will be valuable adsorbing agents 

The general asyinjitotie. form of curve connecting gas or vapour 
pressure p with the amount adsorbed x, per m grms of adsorbate, is' 
shown on p 05 

Many attempts have been made to express these curves in mathe¬ 
matical form ntid to interpret the meclianism of siieli adsorption, 
accurate data on the ailaor[itioii of gases by charcoal being available '■ 
As a gooil a[>proximatioii the cijuiition of Kreiitidlieh may be applied 
to the eX[M'riiiU'iital data 

breiimllicii’s isotherm lapialmn may l>e exjiressed in the form 



or log '' a i log p, 

where j, is the amount adsorbi-d liy >ii gnus of material iiiidiT a partial 
pressure p, n and n being constants 

The \alue of ii \aries inarkedlv, not only vit.li tin' nature of the gaa 
but also with the fomposiiioii of the .ulsorheni as is e\emplitied hy 
the following hgiires tor adsorption of gases at 20'’ (1 
OiH ' I iDiniiat ' 

CO, (iti'M uni; 

NHj (I4‘I7 u>;i 

so, O.t.'i ois 

CUCI, iM.-j 

N.o II-HI 

The two coii.staiits n uiid ii also vary witii the temperature, and 
It IS sigiiilicaiit to mile tliiit ii approailies iiiiitt on elevation of the 
teiiipeialiire or for low g.ts pressures Thus, Chappuis''' obtained a 

value of ' for the adsorption of ammonia liy ihanoal lietween 

3 and 5 millimeties of mereurv. wliiKl Travers'* goes the folloamg 
data for the ailsoiption ol carlion di(i.\id<' by eiiarioai 
Tulip "c a ' 


-7S 14 20 ni»;i 

(I 2!U. o;(;{j 

.T.7 1:’2I> n4<)l 

til 0721 0477 

100 0324 O.'ilS 


The Kretiiidltcli isotherm leads us to tlie conclusion that a definite 
area of adsorbing surface may adstirli an iiidefimtely large amount of 

' \ RtiT. Z<i/»A / >'/iI/rr»-AuN, nn.’, 18 'Jl Tr»vir«. Pruc Ri>^ Scic, Idiri, 784 , ft; 
HanififtV, ZnOrA jihi/'ilnl ('hem , lUlli, 71 , 11'l, (iS7 , Titolf, iAi4. 1910, 74 , (>4I , CJvdtkt. 
1‘riiJi' < /Inn , llill!l, 29, !97. [liilninlien. t .4i«fr C'Afin .SV, 11117 38. ISIS 
• Hed ,4n».l88,l. 19, ifl ’ Loc cl 
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IgM, provided that the pressure is suflieiently high. Tliis conclusion 
^ not 3 U 8 tifit?(I by ♦'xjKTiment, as a definite saturation value, frequently 
well defined lias been found to exist in a great: number of cases. 
lArrhcnius * and Scbmidt * were the first to introduce the concept of 
U definite saturation value for the case of an udsi*rbent expo.sed to a 
vgaa, the equation developi‘d. 




x 
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[ conlaiuiiig tun coiistiuits. .S the salunition \alui‘ snd A', sii (Mjuiitiou 
whieh is likewise valid over a burly wide range of pressiiri's.^ The 
values of (S for eliarcoal b>r various gases is stunewliat significant. 
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Liingmuir ’ als(» arrived at ihe (•(iiichi.sniii that the Freundlich 
isotherm doe^ imt represent -the ailsorption pressure relationship to 
any degree of aeeuraev .\s has alrc'udy been indicated, the surface 
of a -solnl may be regardecl as an adsorluiig lattiei'-work of atoms. If 
definitely crvstalime. the number of .sueh adsorbing eentre.s may bo 
computed from the atomic diameters, whilst if the surface be irregularly 
cryslallinc or amorplnui.s. tlie number of tlie.se <-!enicntarv spaces per 
s<juarc centimetre cannot be (ietermiiieii direetly. 

We may regard adsorption as the lesnll of an efjiiilil)num arrived 
at between two ilelimle and di.stinct |)roce,ssi’s, coinlensation and 
evaporation If a gas molecule «tr atom .strikes an empty .space on 
the a<|sorl)ing .surface it conden.ses an<l is held tiiere for a jieriod of 
tune. It is liere subject to molecular colliMons, and the kiiniic energy 
of tran.slation will in time reach such a valiH' that it is capable of 
breaking away from the surface again ami evajHjratnig. In con,sider¬ 
ing a number of such condensed molecules or atoms we an; evidently 
justified in speaking of the average life of an atom on the .surface (r), 
whicli may vary from a small fraction of a .second in casi's where the 
adsorbing forces are small and tin* tem))erat.nre high to almost in¬ 
definite periods where the conditions are favourable, as is exemplified 
in the following data^ for tlie adsorption of carbon monoxide on 
platinum 

« SfM I»M, 2. 7. * X,jJiyxthtt. f/um . ISUL», 78. 607. 

* Jy-** aIm) WillianiK, Prt>r. Hoy. S/k. Kiltnhuryh. 1019, 287. 

* J'hyf. Htr., 1916, 8, 149. 1‘roc. Xal. Aciul Sa.. 1917.3, HI i J- Amtr. Ch*m. Hoc., 1918, 

1360. ‘ Langmuir, Trnm. I'artui. Hoe., 1922,17, 642, 
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From a Horica of c.Kix'rimeiits it was established that the number 
of molecules reflected without condensation and re-cvaporation was 
small, as exemplified in the following table,^ in which the accommoda¬ 
tion factor (rt) or the fraction condensed and then evaporated is given; 


(fiiK Siirf.n.r (u) 

Hj , Smooth I’t 0'36 

(XJ, „ (187 

H, rt black (Ml 

(.' 0 , 0 08 


We may thus regard all molecules hitting the surface as condensing 
there The rate at whicli a gas at a pressure p will condense on a 
square centimetre of condensing surface may be determined with the 
aid of the well-known effusion equation of Herz and Knudsen ■ 


p-43 75 I0-« 


P 

VMf 


where ft is the mimberof gnii.-inolecuios striking per sq eui per sec , 
p the ]m‘83ure in bars (Id® !jars = l atmosphere), 

M the molecular weight of the gas , 

T the absolute temperature 

At equilibrium w-e must consider a definite fraction of the surface 
covered with ailsorbcd gas and a definite fraction bare, 6, then we 
. . (1) 


The rate of comlensation on the uncovered portion $ is apS, where 
a IS the rocHicieiit of accommodation, which is in general nearly unity 
The rate of evaporation from the covered area 6' can be written v8\ 
wliore I' IS the rate of evaporation per square centimetre. At equili¬ 
brium tlie rates of coiidensation and evaporatum must be equal, or 

ati8=vd', . . (2)^ 


If we put 



ihen 

1 +(rfi 

' Kimdeon. Pkgttk. 1911,54, W3. Soddy and Beny, ?w ifoy Soe, 1911, 84,670.), 



«!r grm.-ifldls. ire adsorbed per unit area, the number of elementary 

ll ■ . Nx . 

races occupied will be where JV is the Avrogadro number 

f 6*W5 10*® molecules i)ergrm.-mol aud iV„ the number of elementary: 
|)accs per square centimetre. Whence 

abp 


Whence 


a and h being constants, or 


1 \ ap’ 


1 .V 

£ ah b' 


' being Langmuir's equation for the adsorption isotherm. At low 
pressures an will be small compared with unity. Hfiice 

x~(ibpf 

K or the amount adsorbed will be pro|K)rtional to the pres-sure. The 
^ amount adsorbed decreases rapidly with the temperature, since the . 
. rate of evaporation varies rajudly with the temperature. 

At high pre.ssure.'* ap, is large compared with unity, or 

x-=b. 


We thus obt^tin a saturation value for the amount adsorbed. Saturation 
. accordmg to Langmuir's liypothesis is evidently obtained when tlie 
surface of the adsorbent is covered with a layer of the gas one molecule 
thick. Langmuir, in support of this hypothesis that saturation is 
obtained with a unimolecular layer, measured the adsorption of various 
gases on mica and platinum at low pressures. In the cases examined, 
with the exception of carbon monoxide on platinum surface, saturation 
was obtained with less than a unimolecular film, and the form of the p, / 

. curve could be expressed with the aid of the equation given above. 

- The best experimental evidence of saturated surfaces has been obtained 
in the study of adsorption of gases by catalytic agents. The adsorption 
of hydrogen by nickel, studied by Gauger and Taylor,* of hydrogen 
• and carbon monoxide on copper by Pease,* and Hurst and Rideal,! of 
.1 hydrogen and carbon monoxide on platinised asbestos as determined ' 
Pollard,* all show saturation of the surface at pressures markedly 
.Jess than 1 atmosphere at ordinary temperatures. Taylor® has ; 
Aahown that this ready attainment of saturation is consistent with the ; 
^.high heats of adsorption of these gases by the metallic catalysts. The ^ 
/-experimental data also lead to interesting conclusions concerning the ' 

' « J. Amer. Ckem. Soe., 1023. 4S, 720. 

< Ibid.. 1923. 45, 1193. 2297. 

* J. Ckem. See., 1924. m. m, r>94. 

* J. Ph^s. Ckem., 1923. 27. SS,*!. 

* 3rd R«port on Cknit. Cat., J. Phjft- Ckem,, 1924, SI, 931. 
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surface of the catalyst, whali arc discusscil in detail in a snhsequent 
section 

The |»rcriiiscn on which flic viirious adsiir|)tinii isotherm eiiuaiiotvs 
luive been developed ar<' dillereiil In tliose of Freiiiidlieti and 
Arrlieniiis we tacitly asauine that adsorption i' ,i proi i ss akin to surface 
condensation, resulting in the fonniitnm of an atiiU)S[iln‘ri' of (oinlensej 
va|ioiir and even li(|iiid around the udsnrhiiif; niaterial, ilm .uKorhed 
liliii density decreasing pre.siitnalily e\poneiifially as wi' |iio(eed from 
tlie surface iiiilil it is nh'iilieal willi llie <ireiiniainlneiit \,i|)oiir Lang- 
mnir iissiiiiies as a pri’inise that tlie range of inolei uhu lu tion is limited 
to one inolisaile in thickness, and tliat the lilm is in (onse<|ueme hut 
one nioteeule tliu k 

Direct (onliTiiiation of eiilier iivpotliesb m the i.ise of cli.iKoal 
IS scarcely possil)le. owing to the umeitaintv m tiii‘ (oalnatiun <if ilie 
speciiie smfaee Many measurmueiits, hiiwe\<r, have liei ii made for 
the adsorplioii <if va[ioiirs, e</ water, hen/ene, (lihirnform, <>ii tlie 
surfaces of glass, sand, (|iiail/, and some nieiids, and in tlicM- rases 
the miiltimolis iilar nal iiH‘ of I he ailsorljcd litni Inis liei n sii list ant nil ed ' 
The direct experimental I'VideiHe for llie nmuiiiil of e,;^ .ulM.ihisI is 
tlnis liy no meuiis loin hisively m iavour <4 the general appin.itnm of 
liaiiginuir's hvpotliesis 

We iniiy, as Langnuiir Inis suggested, atlempt to avoid this dittn iiltv 
hy assuming that in (liose t ases wliere n mnitimolec niar lilm is appareiitli' 
ohtameii we are in error m mir (oinpiil.iliun of the a<lu.il ,ire,i nf tlie 
adsorhing muterml. tr fissures nnd lapillaries uie in the 

miilerial, oi ai I mil solution of the gas in tlie adsorlienl Inis t.ikeii pLir e 
or again, we may consider that mullmiohs iilar films m.n .iduallv 
exist for certain gases, especially vajioiirs, in the piesence of powerful 
adsorbing agents In sii[iport of this seioiid livjiotliesh imliii'Ct 
experiinenlal cvideine <an he advanced from data on the lie.it of 
adsoiplioii h’or adsorption in inullimoleeiilar livers the lieal of 
udsorptinn falls steadily with Iliereasing tjUaillltles Ilf g,n .nlsurlied to 
a value seiisildt eipiiil to file lie.it of li(|Uelactlon 

Thins we note tlie dalii of Cliuiipuis on the In.it of ads(ir|iii.ni .4 
ammonia hy nieersi haiiin 
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Liileiit lieiit <4 Iniiiefiielinii I. 

The data of I-iimh and Coohdge- on tin- heat of adsorption of 
vapours of many substances hy idnirroal in an tee calorimeter show 


' L«iigimiir. Tntni Amer /nJ /•Jirt A.irj, lllil 32, t!risn< J /'/in' ( A"" 1905, 

8. 01", Kul/. /’roc .hii'l A/ikI , llUC 15, U'l IS (tijolm, J Amcr C/irm S.x , |U19, 41, 
447 . Kvniw nmi liisjist'. /'n>c /loy .S'nr. I'tJI, 103i, l‘l| 

• ./ jlmpr Chem CV , 192o, 41. lUO 
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likewise that the heat evolution |>er grin, of charcoal q was a logarithm 
function of the amount adsorlxvl x : 

log q - // ^ h log .r, 

and a tlirect proportionality was not foiuul, as would he the case if a 
unirnolecular layer only was formed. 

They likewise indicate a chjse ciuiuection between the heat of 
liijuefaetion and the lieat of adsorption ; whilst the close <‘onneetion 
hetwemi tlu* amount of gas adsorbed by charcoal and the eolw’sion 
of the gas as determined by the a term <*1 Van der Wauls e(|uation, 
lends additional support to the multimoleeular liiyiT hypothesis. 

t <■ ( i»T «nii 
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liangmmr' in Ins inve.stigations on the adsorption of carbon 
moini.\id'‘ on jdatimnn found that lln* a<lsorptioii isotln'rm for tliia 
gas coiihi i'(»t 1 m' i-xpres'^ed in the form 
altp 
1 ^ up 

but m the form 


/ --- h + 


ah'p 
1 ) ap' 


which can most nMidily lie int(Tpreled on llie hypotlH’sis lliat carbon 
monoxide is very ■'trongly a«Isorbed f<ir the first layer and that a 
subsequent laver i> adsorbed, obeying tin- law *if the ad.sorption isr)llKTm. 

It se«*m.s probalde that if tlie aclhesive forers between tlie adsorbent 
and gas are strong, a factor determined bofli by tin* iiatun^ of the 
adsorbent as well as of the gas, that tlie ummoh'cular layer will still 
possess the }K)wer of ads(»rption although more h-ebly develope<l. For ; 
strong adsorlvcnts d<‘aling with gases whicli an- higlily jiolar in character 
and near their critical j»uint, layers several molecules thick may readily 
be imagined to exist. If the gas be below the critical temperature, 
nmUimolecular layers can apparently be. built up with ease, |»rovided 
that the jiressure be high enough. It may he noted tliat Hanly’s 
investigations on the effect of snbslane<‘s such as oc.tyl alcohol on the, 

’ hie cil 
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coefficient of frictions between metal surfaces likewise lemxu lo ttuj • 
conclusioji that octyl alcohol when vaporised over a metal surface ' 
is adsorbed to form a thick film in which ibc secondary layers are much 
less strongly adherent tlian the [irimary film * 

The (pie.stion whether a gas can, when it is maintainoJ above the : 
critical temperature, hinld up a second or more layers on augmentation " 
of the pressure, js as yet uncertain Indirect experimental evidence for 
the niiiltimoleciilar nature of films of vajiours adsorbed on solids is 
provided l)y the heats of adsorption lUit, as we shall have occasion 
to note siilise'jucntly, the surface of the catalyst is by no means uiuforni ' 
in nature, |)art possessing strong adsorbing powers with other portions 
of varying activity, a variation in the amounts of difleront gases 
adsorbed at what arc apparently saturation pressures may indieate, 
not films of varying thickness, but a covering of varying fractions of 
the total exjiosoil surface 

We may conclude that at solid as well os at liquid siirfaci's primary 
adsorption is accom]>anied hy a marked decrease in free energy Tin; 
building up of secondary or multiinolecukr films is, however, a iiy no 
means iiiicommon jdienomenoii, especially in the case of vapours on 
strong nr powerful adsorbing agents, whilst the forces operating in 
the fiirmafmn of the primary ummulecular film are strong, those in the 
secondary film are weaker The jinmary forces may be compared to 
the valency forces operative, in co-ordmation compoimds, whilst those 
III the secondary film are more akin to tlie oohesional fori'ea ojHTative 
ill vajioiirs and liquids As an indication of tlie magmfiide of the 
pninaiy forces may be cited the following data on the average heats 
of arlsorjition of gases on metals, these gases in all [irobability forming 
but primary films in oontuet with the im-tals under oonsideratiun 
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A closer investigation of the heats of adsorption of gases reveals an 
interesting phenomenon, namely, that the heat of adsorption is not a 
constant value for a particular gas and metal, hut is dependent oa 

‘ Mond. bamaay, and Shiolda. Ztitidi phynkal Chen , 1898, 25. 657 
' lli'pbe and Hjjlor, ,1 Atner Chem Sk , lll.’4, 44, 43 
’ forwU, Oau Chem Ilal , 1633, 53. 487 
* Uuigntuir, 3'niM- i'anid Soe, 1621, 17, 541. 
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iW&tate of tlie surface of the metal; highly active metals adsorb ^es ; 
more readily and possess a higher heat of adsorption. Since, in general, .. 
metals prepared at low tcmperature.s poa'^ess coniposire surfaces, the 
heat of adsorption gradually falls as tlie more active portions become 
covered with tlie gas, re.sulting in a “ sjiread ” of the lieat of adsorption. 
Values ranging from 33,000 to 11,0(X) calories per grin.-molecule have 
been obtained for the heat of adsorption of hydrogen on nickel. Similar 
data are available for carbon monoxide on copper. This''spread ” 
of the heat of adsorption willi the pressure is, us we sliall note, of 
imiiortance in attcmjits to elucidate the nature of t!u‘ catalyst .surface. 
Orientation at solid surfaces. —If the indirect mcasurement.s of the 


surface energies of aolid.s are in any way reliable, their surface energies 
arc niucli greater than for liquids, and it is to lie antieijmted that, 
adsorption at the surface of solids will n'sult in the formation of a 
similar layer of orientated molecules. Kvidenci* for this assumption 
is provided in a number of cases. I^ngmuir ^ lias made an exhaustive, 
study on the ailsorption of gas(“s on metallic lilaments at low pressures, 
and has come to the conclusion that dclinite structural formula? can 


be given to tlic adsorbed layer. Thus, carbon monoxide is strongly 
adsorbed by tungsten tilanients at ndativcly low temjieraturos; the ^ 
union between tlie carbon monoxide and the tungstfn is so great tliat, 
the whole group (WC’O) distils otT as a single molecule. At high 
temperatures, iiowever, the union between metal and gas is liy no 
means so strong, and carbon monoxide is removaiih' unchanged. These 
experiments, together with the quantitative (Uita on adsorption in a 
uniinolecular layer, lead us to picture a type of adsorption film 



Again, small traces of oxygen comjiletely inhibit tbe action of a 
hot tungsten wire on the dissociation of hydrogen at high temperatures; 
the adsorbed oxygen is likewise not rediiceii by hydrogen, altliough 
J-ungstic oxide is readily reduced. Tiic union of tungsten and oxygen 
in the adsorbed film must evidently be a very close one, and may 
perhaps be diagrammalically represented as 

0 0 0 0 0 

II B I* ^ 

w w w w w 



The union of those simple gases to metals tints ajipcars similar in . 
nature to a chemical union, which similarity we noted in discussingt, 
the data on iiiterfacial surface tension ; the data there presented 
‘ JaK. cit. 
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indicated (lint iiicrciiry In'liuved m a similar nmnii*T in rfspcct to a 
(IrTrt'asc in frr'<- I'licr^’V win-ii imili'ciili.s coiiLaining n'aclivo groups 
ar<‘ hrmiglil in (ontad willi it TImT'- iippcars littio doubt tliat otliyl 
lodido, for rxiiMipic, H iitii liorcil to tlic iiicrniry liy attacliriirrit to the 
lodiiii- Tlic iiivfsligalions ot ll.irdy' on tlin clbst of snuiil traces of 
fatty amis and ah'ohols on tin' liibricaliiig [)io[i('rti('S of a liylrocarboti 
oil for glass and metal siirlafcs, indn ate also in a sinking inanner that 
these orgaiiie ileriva(i\es ate atUilied by their “ polar” -COOH and 
(.'11,011 groups to tli(‘se solid siirf.nes Jr nuiv lx* noted in con- 
liriimlion of these \iews that aleoliol ri'adilv <lispl,ue.s liydruearbons 
from the surface of metals siii li as i (tppei - Similar i oneliisions as to 
tile orientation ol fatty iieids on slieets of inn a ha\e been arnvetl at 
by Sir William llr.igg and Ins i o-woi k<'rs.‘* wheie it. was found that 
HI ids iillow'ed to solidify on miea sheets solnlified in strata of regular 
orieiitati'il moliM uirs, the iIikm Ikih id oiieiitation being [n rpeiidietllar 
lo the plane of the iiin a I'erhaps one of I lie most, (otn iiu iiig [net es 
(il evident!' Ill l.uoiir of the liypotliesis of (jrieiitatioii on adsorption 
at tti(‘ sill faee of solids is plot iile<l li\ I he d,ita of Palmer and i'oiistalile 
on the deionipositioii rale of a seims of |p|imar\ aholiols at .1 Kipfier 
Hiirfiut' Heeoriliiig to the nsutioii Kt'lKOd v [{t'llO 1 II, The 

.follipw ing data an' i iled liom rlieii e\|)ennienfs 


I atiiU ^1 tViiijti r 
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111 s[)ile of the inaiked alliT.tlmn in lln' length of the liyilnxarlion 
cliaiii alliu'lied ti> tiie - (’IPOII group the xehieitv ami temperaliiro 
Cix'Hieient for itm a!('i>hols 011 u speeifie tntalyst are nleiitieal, con¬ 
firming the lit |)otli<'SH that the - (’ild)ff group is llie onlv part of llie 
molecule taking purl in the reuclion with the < upper 

In till' ahote e.XHiiiple oiiciilated adsoiplioii occurs in .suth a 
nmiiiier that the e.indiiions for accelerated readioiiare fa\i>iiruhlc It 
IS clear that, eases mat aiisc, estx-cially in himoh'eitiar surface actions, 
where the orientation of the adsorlied moieeiiles is siidi that reaction 
cannot [irocei'd lidween the reuctitc groujis (Ws ot tins eharucter 
have been mve.stigaled by Kriiyt and ^'JUl Dnin,^ the alkaline saporiilica- 
tiou of esters and th<' iidditton of bromine to sodium ]> aiilplio ciiinumate 
are retarded by eharcoal. althoiigli Imth reactants are adsorbed on the 

' Pw J{u!/ S.JC, 102':. too, .VS>, 401 s. 487 * Pipi'k.'n, .t»», I8I». 17, 669 

’ Miilli'r kixl Slic»n’i. / ('/khi S<ic . in.M, laj, aiJii 
‘ AV /flip eAim, I0:i. 40, i. dO 
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surfiicp. Th(* removal of bromine from dibroino propionie aoid by 
means of potassium iodide, on the other hand, is aecelerated by the 
presence of charcoal. 

Again we shall note that, in discussing the effect of pressure on the 
veloeit-v of such heterogeneous catalytic actions, we shall lu' led to 
eon.sideratioiis as to the ” valency ' of the adsorption compound 
formed in the primary layer. Anchoring of the ailsorbed moh'cule 
may take place on several underlying atoms of the catalyst. 

-The availability ” ot surfaces. We have noted that hangmuir 
assume<l that the adsorbing surface consisted of a uniform space 
lattici', each eleimmiarv space being the seat of a <hiectiv(‘ adsorptive 
force or a potential chemical covalent hond A more detailed examina¬ 
tion, liowevcT, reveals the fact that the surface l^ by no means .so 
uniform as imagined, and that the irregularities arc of dominant 
miportaiice in catalytic r«’uctions. l^aiigmuir himself loii.sidcreil, 
alistracih. adsorption at a .surface non-umform in character. It 
IS the results of catalytic study which gi\<‘ concreteness to such a 
consideration 

\Vc must note that the coar.se maero-crystalhiie .siirlai-es an* less 
active than suifaccs preparc<l at low temp<*ratun‘s If we consider, 
in tlic lirst instance, the chief com[)onents of a iiu'tal catalytic .surface, 
namely, the e(lg<‘s. corners, ami fac<‘s of the mnurnerahle small crystals 
prc.M-nl in the surface, we can draw certain <-omdusions as to the lack 
ot umhiriiutv. not onlv m the siirfais*. hut also in the surface miergy. 
from (Tv.slaiiograiiliM- data llravais was the lirst to note that the 
piaiii’s ol a crystal wliich were most den.sely packed ami were also 
separated from the neighbouring ]>arallel jdaiie mo.st widely, were 
those whieh appeared most. fre<|m‘ntly, ami also that, a clo.s«*ly pack<‘d 
surface was usually associateii witli a wide mlerphinar distance, and 
rur irisn. LatiT, (Jibbs indicated tiiat the nn»st, stable idane.s in a 
growing crv'.stal were those possessing the least mterfaiuai surface energy. 

Although crystal gniwtii rate is markedly alTected hy such factor.s 
a.s rales (*f dilTusion. local tem|K*ratnre dd'tcrences, minute alterations 
in ilensitvof ihc Milntion. yet. as the investigations of Valeton,’ Niggli,- 
and Tertseh '•* have imln aled. tin' evidence for a smface miergy varying 
witli the closeness of t)ie surface packing is e.xtremely strong. In a 
similar manner it tan readily lie .shown from a study of the vapour 
teii.sion.s and s<*liihilitn‘.s of so-<alle<l amorphous suhstances that the 
atoms at tlie edges and ermiers, inclmling those m the corners of t.lie 
step.s on a growing cry.stal as indicated m the diagram, po.sHe.s.s grcat<*r 


‘ /’Ay*. Her., liCia, 2l, hH*. * XrH'^h nnonf. ('hem . llLHl, ItO, .V>. 

* 'Mitich. nnorg, ('htm., 11124, 136, 20-'). 
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'adhesional forci’ /or gases and liquids than atoms situated in the plaow 
oi the ert'sfa) facets In addition to this micro-cryatallme material, 
present in' a metal surface there are present a number of isolated atoms,"' 
and groups of atoms which arc not in a space lattice and may be 
<lesigfiafi'<l as amorphous material These are, as anticipated, even 
more reactii'e, as far as adsorption and solution arc concerned, than. 
the crystals themselves 

Atberilion may be directed to the alteration in several [ihysico* 
chemical profierties of materials subjected to extreme subdivision. 
Thus we have data which indicate that the heats of solution, heats 
of vajKirisatioii, vapour jiressures, dissociation pressures, solubilities of 
finely comminuted sulistanccs, exceed those of the substances m bulk 

Tins phase is coiiscc|uently metestablc in comparison with the 
regular crystalline variety, and consocjuenlly will slowly revert back 
to the more closely packed form In the; ca.se of metals the rate of 
conversion at ordinary temperatures is relatively slow, but on c levation 
of the tomperature these amorphous or irregularly .situated atoms 
readily slip back into the more stable configuration of the sjiace lattice 
of the element, a procos.s termed sintering Tlie sintering temperature— 

I e the temperature at which the rate of conversion hecomi;.s rapid- 
varies markedly with dilferent metals, and should of course give an 
approximate value of the energy of the atomic adhesion of the metul 
Smith ' gives the following values for tlie aiiiferiiig temperatures of a 
number of metals. 


Xli'tiil 
I't blaik 
I’t not 
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I’pt Ni 
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700 
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Judged by io.s.s of adsorptive capacity of the reduced metai 
sintering may take jilaie at much lower temperatures than thos 
recorded by 8imtli This loss of adsorptive power is much the mos 
aetisiiivc iiidcv of cliangc of surface on heating^ 

Tbejtrocesaof sintering isfollowed bythegrowthof tliemiimtccrystal. 
to larger ones which become microscopically visible in annealed metals 
Associated with these changes in surface from the unordered am 
micro-crystalline to the macro-crystalline we find a markeil decreasi 
in catalytic activity and in adsorptive power. The following dat4 
show the effect of sintering on the adsorption of hydrogen and ethylcnf 
on copper and nickel determined by Pease * and by Beebe and Taylor: * 
I J Chm Soc . 1923,123.2008 

* Ta\ lor, Ird Re|iort on Coni Csi. J Pkg* ('hr.m. 1924. 28, 912 
» J Amtr Ciem X'oe, 1921, ». 1197. 3290 ‘ /hi, 1924, 46 . 43 
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Metal. 

Temperature of Reduc¬ 
tion “ (\ 

Adsorption of Oas In 
H.: 
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Cu ... 
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That the surface of a catalyst is composite m character is likewise 
indicated from the fact that the saturation capacity is not identical 
for all gases. We have already referred to the fact that many vapours 
may be adsorbed in multimolecular layers but that in gases unimolecnlar 
films are to be expected. Under these eonditions the saturation 
capacity of a catalyst should be identical for all gases ; this is <ivid<*ntly 
not the case, for, as wc note from the figures eited above, ethylene is 
more strongly adsorbed than hydrogen, and the saturation capacity 
for the former gas is not reduced so much on sintering. 

That this view is probable may be deduced from data on the 
adsorption of hydrogen by nickid at various temperatures and pressure's. 
From a study of the adsorption isotherms, Gauger and Taylor ^ showed 
that at relatively low partial pressures of hydrogen an a])])arent 
saturation of the surface was reacluMl. Thus at 25“ C. and 75 mm. 
pressure, a given sample of nickel adsorbed 8*7 c.e. of gas. A tenfold 
increase of pressure did not increase the adsorption by on«' [)cr cent, 
At 305“ G. apparent saturation was reached at 25() mtn. pressure, a 
threefold increase of }>re8Siire not measurably iucreasing the adsorption. 
But, at this temperature, the adsorption oidy arnounO'd to 5-3 e.e. of 
gas. This spread in the amounts of gas ads(>rl)ed at the two tempera¬ 
tures, cou)>led with the observations made as to the attainment of 
appro.ximate saturation of the surface, indepemlent of marked jtressun* 
increase, is strongly suggestive of the conclusion that the atoms in the 
surface have varying capacities to hold gas adsorbed, dependent on 
their position in the surface. It suggests also that a surface atom 
capable of holding a gas at one tem])eratur<- may be unable to do so 
at higher temperature. 

It is probable that, on active metals, tin- “ availability ’’ of the 
^surface varies from gas to gas. On the clo.sely packed facets the 
adsorption forces are, as we have seen, much weaker than on the more 
open surfaces, and gases which arc not readily adsorbed, such as the 
non-polar, more perfect gases, will not bo adsorbed strongly on the 
crystal facets. On the other hand, polar aiul easily liquefiable gases 
will bo adsorbed over the entire surface. 

This differentiation in the strength of union between adsorbate 
nd adsorbent is also exemplified in the adsorption of oxygen at 


» J. Aiwr. Chtm, Soc., 1923, 46. 920. 
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chari'oa] and .-ioriK; itu'tiil Hiirfacen It is foiinil, for exampl., vJiat if 
oxygen )>(• adsorbed on to a charcoal surface three typcfi of surface 
compounds can be idcntihcd A small fraction of the oxygen may be 
removed us such by rvai'uatioii, a larger portion may bo removed as 
eailion ilioxide by exhaustion at relatively low temperatures, whilst 
a third more stiibic portion into which the other forms are gradually 
eonvoTtril h only remttvisi at very high temperatures m the form of 
earl)on nionoxidi' and <arboii dioxule Whilst three forms of carbon 
surface, the diamond, tlie [laralliu or eliaiii, and the ethenoid (to whicli 
I lie bl.u k eoloiir IS due), are iiudoiilitedlv presoiit, the alteration in the 
type or llie 'freiigth of union betwecui the .'^iipi'rficial ami the iinder- 
hiiig carboii aloni'< is reilecled m the .dteratioii m tlii‘ earboii oxygen 
linkage Riileal' imlecl that oxygen could 1 k' adsorlied on a nickel 
surface 111 two foiiiis, one readily rediieible liy ludrogeti at low tern* 
perafuK's, and the other similar to a !>ii[ierIioi,il coating of nickel 
oxide onl\ rediKibie at relafivi'ly high lemperafiin’S These observa¬ 
tions have lieen extended and (onfiinied liv Larson' in tlie eas(’ of 
(opper 

Tlie evideiKc for a vun.ibilily in tic eliarai'ter of a ealalyst suifaoc 
IS provided not oiilv from {onsuleialions in respeel to ervstai .stnict.urc 
and the ailsorpfioii ol gases, bill also from eV|)erimental ilata on the 
lale of e.ilalylie elninge Such ^■vld(■m(■ is provided from two ddiereiit 
(oiisnl.Tiitioii.s W(' nniv on the one hand, (aliiilale the rale of 
coiidi'iisahon of ic.u-laiils ami rate of evaporation frmii the catalyst 
.surfaie nidi tlie aid ol the lleiv-Kmidsen ei|iuitinM ami a knowledge 
of Ihe amoiiti) of gas adsorlu'd timli'r llie expennieiilal coiidllmns, and 
Mmi|iitre flits theoretii'al maxiiuiini rale of reaitmn with that aelually 
observed It Will bo found that lait .i minute fraction of tin' uioh'cules 
lohorlied on tlu' sitifaci' actiiullv iiiidergo chemical reailmn, tins 
fraetinii is loiiml hi vary with ihe natun’ of the liitalx.sl siirfiue and 
Is mil depeiideiil on (lie eiii'rgy of aetivalion of the remlioii as is 
<‘\einphli(‘d liv the following (|ala of Hinshelwood and Tofiie_\ ^ on 
the dceiunposition of furmic acid iiilo earbon dioxide am) hvdrogen at 
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Evidently the catalytically active patches are greater in extent on’ 
the metals of the platinum series than on silver and gold or duroglass, 
whilst the energies of activation are all comparable, with the exception 
of palladium. 

Again, we find that on the addition of minute amount.s of poisons 
to catalysts a very serious rediictiou in the reaction velocity occurs 
without any sensible diminution in the ad.'^orption of the reactants 
taking place. Many cases of (pialitative fractional and selective 
poisoning will he discussed in u subsequent .section. A fi-w (|imnlitative 
experiments have been made on the relative areas of patelies of var}’ing 
activity: thus RideaP found that O-o] per c<‘nr only (d a nickel 
surface was effective in catalysing the union of hydrogen {ind ethylene. 
Pease “ noted that but a few eubic millimetres of carbon monoxide 
poisoned a copper surface for the same reaction. Rideal and 
Wright^ found tliat on an active sugar charcoal O-Ol per cent of the. 
surface was antoxidisable and 40 jier cent of the .surfaei* was 
catalytically active. 

Recent exjieriments by Richardson '^ on thermionic emissiim from 
metal surfaces have revealed the interesting fact that electroii mni.ssion 
from a hot .surface does not occur uniformlv ov(‘r the surface hut 
a]ij)arently from loeaIis(‘d patches It is an inlen'^liMg speculation 
to associate these patches whicli are Ihermionically activi' with the ■ 
ai'tive patches ideiititiable liy adsorption and catalytic means, 

That some eonneetion may exist is «'vident fioin the ex)M*riments 
of Thompson,-’^ who showeil that thermionic emi.ssion commenced 
from a pjatiiium wire wlien raised to the temperature at wliicli the 
union of hydrogen ami oxvgeii on the surface commeneed. Langmuir 
likewise noted that when suHieient poison hml lieen admitted to a 
reacting system containing a catalytic lungs(<n wire to siippre,H.s the 
catalysis, thermionic emission was simultaneously suppressed. 

Activation of metal surfaces..In tin- foregoing seitnuis we liave 

di.scussed somewhat briefly tlie evidence in favour of tlie liyjK^tlicsis 
that catalysis occurs on localised reaction cciitn's wliich may he 
relatively small in area compared to the total surface exposed to the 
reactants. Those localised reaction centres an- ( harai‘terisi*(l liy .strong 
ad.sorhmg jmwers, as is exemplified by the behaviour of traces of 
poisons on the reaction velocity; whilst tlnse in turn are related to 
the configuration of the metal surface, an ttpeii packing or irregular 
atomic ilistribiition being more etleotive than a chwly pack<‘d surface. 
These (‘onclusions throw light on the process of activation of a metal 
surface. It is well known that repeated alternate oxidations and 
reduction at low temperatures render nu'tals sucli as copper, iron, 
and nickel extremely active. An investigation on the increase in 

' toi- eil. 

* f Chrm Soc , Illg,*., 127, i:i47. 

* Phijnkat. ZtUjtth., 1013, 14. 11. 
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cttUlytic activity of copper for the ilehydrogenation of ethyl alcohoL 
after a Kenes of oxidations and reductions at 250° C. showed that if 
precipitated copjicr oxide were utilised as source of copper a marked^ 
increase in catalytic activity was to be observed after two reductioa 
processes had heen completed, subsequent oxidations and reductions 
scarcely alfectmg the catalytic activity In the first reduction copper 
IS formed from cupric oxide, anil a skeleton of metal pseudomorphic 
with the origin.ii copper oxide results Dunn^ has shown that this 
“ open ” variety of copper is stable up to 400° C , at higlier temperatures. 
it ciiminene.es to sinter and reverts back to the more closely packed 
configuration of imdallic copper, with a corresponding reduction in. 
penncalnlify <o gases and calalylic activity On the second oxidation, 
cuprous oxide IS formed which, on reduction, yields an even more open 
network of copper Subsequent oxidations and reductions do not open 
ttio lattice any further, and it lias been noted that even a small decrease 
in catalytic activity may occur, due to collapse of the open structure. 
This artificial tnireasc in tlic relative area of active surface must be 
distiiiguislied from an increase m the total surface area by artificial 
means, an inereaso which may be associated with a relative decrease 
in the fraction of surface catalytii ally active, a point which we shall 
have occasion to discuss m a subsequent sertion 

The reaction velocity of catalytic changes.- -In the preceding 
sections argumeiils have been a<lvanced in siipjiort of tlie hypothesis 
that molecules adsorbed in the prinury film are orientafed and held 
relatively firmly Such iulsor[)lion is orientated, ^inee jiorlicular 
group,s in complex iiioleciiles alTeet the values of the adliesiunul forces 
III addition w<‘ have noted tliat oiilv a siiiall fradion of tlie surface 
even of an active material is calrdylK'ally cffeetive 

Bodeiusti'in “ and Itnrlensteiii and Stock ^ assumed i-hat reaction 
jirocecdi'd 111 the adsotbed gas layer around the oatalvlie material 
whnh serv('(i nieiely to condense the gas m an alinospliere arouiid th< 
surface The reaction velocity, on thi.s view, was governed by the rati 
of (hfltisioii of reactants or produet.s througli tins adsorbed thick film 
the thickness of which was a function of tlie j)res3Ure Tins point ol 
view was shown to he untenable by Laiigmiiii ^ for heterogeneous 
gaseous reactions, but, as we shall note, limitations due to rates of 
diflusioii frequently play an uiiportaiit jiart in heterogeneous reactions 
m liquids 

It IS found, for example, that the decomposition rate of certain 
hydrides is materially allected by the pressure of tlie gas, as is evident 
from the following data 

According to Bodenstems view the film thickness should be pro¬ 
portional to the jiressure for phospliine and arsine, and proportional 
to the square root of the pressure for hydrogen and ammonia 


‘ Uri|ml>li'’linj o'(|)riimriiU. 
» Btr, 1907 . 40 , 570 


* Z'UvJt phijnlJil Chm . 1890, 29. 605 

* J, Amer Vhm See, 1911). 38, 2280. 
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l^angmuir, loc. cit. 
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Shir, 
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stock, ifer.. I»1S, 41, 
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Langmuir showed, from a consideratioti of tlio ohscrvod r<*actioii 
voiocity and tho rate of condensation of tlu* i^as on iln* cataiyst surface, 
that “ tlic velocity is in general not fast enough matcrialiy to affect 
the equilibrium between thi' adsorbed film and tlie surrounding gas 
We must imagine that in such reactions molecules are continually 
bitting the surface, condensing there, and after a time interval more 
or less short either evaporating nnehaiiged or undergoing decomposi¬ 
tion with subsequent evaporation of the reaction products, liefore 
Attempting to analyse in more detail the mechanism by which a 
condensed molecule selectively re-evajiorates unchanged or undergoes 
surface decomposition, we find that Jiangmiiir's point of view affords 
valuable evidence as to (he structure of the adsorjition compound 
that is formed on condensation of the reactant. This evidence, 
together with th<* inference as to the jioints of attachment derived 
from the consitlerations prcviou.sly advanced, gives us a relatively 
good picture of the structure of the surface compound. Jn the case 
of the surface catalytic decompositions referred to above, there are 
evidently two extremes; either the surface, hj irlmh is mmnt (he 
catalytmiUj/ (ictiir surface, is covered only to a small extent with the 
reacting gas, or it may be almost completely covered. 

In the first case we may, on analogy with our {>revious considerations 
(p. -15), write 

Rate of condensation of unclianged gas -- a/4; 

Rate of evaporation of unchanged gas 
where h represents the number of elementary spaces on the surface 
occupied by each molecule of the reactant and 0 is the fraction of 
surface covered. 

The product of chemical roAction is formed by the combination of 
molecules from m adjacent spaces. 

j.dz 

represents the'velocity of chemical change, 
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CH, 


Tlir v<'lonly Cins varic.s as tlic ni,'v [K)wcr of the pressure. 
Iti tlir- case (]f till' (lissdC'iation of liydroiieii on tiinj/stoti Lani^nuiir 

found , wlidst. for the rocoiiilunation of hydrofoil atoms oti 

V ' f,I ^ o 

tungsten he found 2 These ndatiorisliips are at once iiilelligihie 

if it Ite assumed that a liydio^jmi atom ocuipK's or is attiudieil to but 
one elementalV space on the lattue, the hydrogen molecule would 
tliusoceupy two sjiaces Whilst absolute values cannot be assigned 
to m or n in sin h cases as in tlie decccniposilmn of rhe livclndes, it is 
clear that in cases sindi as I lie (!eeom[iosit.ic,n of phosjihiiie where 
diagiainniatie representation is possible' liy assigning a value 
of III - II 2 for tin' reaction 

On tins view of valency of a'lsorplioii compounds, stiluuiic. winch 
at low tcriipcratiiies possesses an expoiieni of (lb, must he assumt'il 
to lllideigo a eoinposili' ic'aetion, lor it is chair th.it in n must 
he some' simple' Iraelion oi intc'gc'r This is coiiliinied hv (In' fact 
tiiat the exponent rises to iiiillv with elc'valion of lln' lempi'ia- 
liire It is jKissihh' that slibmin' iiiiclc'rgoes two t\’pes of stiiface 
K'acticni, one' similai to that of animonia cm cpiari/, el,i,ss, and (lie 
otlic-r ('oinpiiial)lc'to that o| aisiiic', tli" Littc'f pieiloiniiiating at high 
teinpc'ratiiie.s 

We have' noted that tlic'te exists another casc* of Minple ch'coniposi¬ 
tion at a eatiilv1n‘ surface in which tlic' surface is eomph'telv eovi'recl 
I'ndc'r these condilions the surface' eoneeiitralion will hc' constant 
■ and indcpctuleni of the pressure, tlins, tlu' reaction velocitc will he 
indeiK'iidc'iit- of the pre'csiiie and dcpciul oidv cm the extent of 
calalvtieallv aefi\c' siirf.iee \ niimher of reac'lions of such a tvpe 
corrc'Sjicmdiiig to a rc-aelton of /.c'ro order have iic'en examined, such 
as the dc'eoinposition of alcolioK at a copper surface' and the decom- 
[Hisilicm of foimie acid at solid surf.ices 

Multimolecular surface actions. Similar eonsiclc'raticms iiiav iic' 
ap[iliecl to llie more' eompheated mteraotioii'i, catalyticallv acceleralc'd 
at solid snrfaeert A number of these' iuue lii'cn examined in detail, 
such as the oxidation «if sulphur dioxiele to tnoxnh' at the surface of 
]ilatiiiuni.' tin' eixidation eif earhoii monoxide at the surface of e|iiarr/. ^ 
and of phitmum.'* and (he hyelrogciiatum of ethylene at iiiekel surface.'*/ 
and also at copper surf.n es 


’ llixii'iisli'iii amt ('ink. ))(iv<l'e/ C'A/'w . liUT, 60. ( 

^ naiWiixU iiuuid Olitnic'r. if-u/, l!XX'> 63. tT." 

* l.ivriunmir../ .\m>r I'Ikiii S<-r HU.'), 37, lll>2, 7’rf|jn f'iir<u{ Sii I'L'l. 17 li.’l 

* ruliiKT. i'ror Hull Sir . lli.M. 4(CJ . Kuinl../ I hrm Sor , I’l.'g 39. 300 

* J Amer CA«i)i Sue , 11123. 46, llU.t, 22ti 



ror tilt! oxidation of I’arbon iiiniioxiili' Hnilfii.stfiii anti Ohliner foiii 
le followiii); roactioii ftilocitif.'': 

til) On orv.stalliiii'ijuarlz-A'Pio\ I’o,. 


(/i) On tjiiarfz filaHs 


'ix A"l‘„, 
>ll ” I’t 0 ■ 


wo as‘'iinii' that on I'rv.ilallino i|iiarl/ llio i-arlion nionoxiilo ooi'ii|ii' 
If <‘!fnifnlarv .s|iaf(' on tlio lattioc Wf oldaiii for flic coiKliliona < 
[iiililiriiiiii 

x,,ii AVV 

•r lin* oxvjfrii uliicli Wf ocriiph's two cK'nwnfarv 


•t-n tUMi pi.ICO 

nl i)\\ };cii atujiiv, or 


1m usccm ailjoiiiin^ carljun 


> 1 , 

,lf 




inormxulc molcculi 


A I’( 11 \ I’d 

I <|iiart/ L'iti"'. "It ilio njlirf liaiul. flio mlsorptisc forccn arc appan*i»fl; 
"iiL'cr at t 111' I'M .ill MM I ai 11 \ '• pate fit’s, an'l wc in list assume that ihcs 
r< Ill’s are almn't cftmpifi. lv c"Vcrcil with an adsorlicd lilm of carlioi 
'iinxidc 1 he rate <»f condeiwatton of this {.'a.s wdl Im' 

3'l/tl", 

1 Since 0 is sriiai) and constant we olitain 


(■ owoon iiiitltToof't riMflioM wlifii Its iiioln nlrs coiiio info (‘oiifact 
li fill iiiiioviTc'il .■•iirfaic , llill.s till' rail' of n'arlioii will Iw 


i/r 

<ll 


■LA 


Ah 


LjiJ 




K 


In addition to these sirnph'eusi*s many more complicated examples 
•(* heen worke<l out on the general principles laid down by Lan^rrnuir. 
ention may b<* rlrawn to three phenomena orcnrrinj; in such surfare 
:tion.'^. wlmdi a|)pe.‘tr to he ]>y no rneaiifl nneommon. 

(«) iiriu'iion hy confart u'iih im (uhmh'd titokcule or atom.-- 
ijrmuir ^ has shown that carbon monoxide tinder^^oes oxidation at 
'latimim surface chiefly by strikm^^ atoms already present on tho 
face as a result of adsorjition of oxygen niolecules on two elementaiy 
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spaces There is aonie new evidence obtained by Wolfenden ^ which 
indicates that some hydrogenation proccaaea occur by collision of 
reaetaiifs witli hydrogen atoriia present on a metal surface, though 
it fiO(uiiH also that not all hydrogenation processes may be so achieved ® 
(b) Inhhilwn by reacla 7 its —We have noted that the general 
equation for a reaction between two gases on a surface which does not 
adsorb eitlier roactant very strongly can be expressed m the form 


where 0 ,, rcqireseiit the fractions of the active surface covered by 
the respective n and m valent reactants 

H the surface be almost completely covered with both reactants 

whence = 

Tims, the reaction velocity will be at an optimum for a jiurticular 
ratio of the reacting gas pressures sinking on cither side of this optimum 
18 the ratio of tlie reactants is increased or decreased The existence 
)f this optimum has been shown for ethylene and liydrogen at a 
;opper surface by I’ease, at a nickel surface by Rideal, and at a charcoal 
lurface in the oxidation of oxalic ucid by llideal ami Wright 

(c) hihibihon by the u'ac.hon ]>ro(lucls—Iw ihi* case of the hydro¬ 
genation of ethylene the ethane produced does not exert any inhibiting 
lotion, but many cases are to be found in which the reaction products 
are strongly adsorbed and thus slow down the reaction velocity. Tims, 
Bodenstcin and Kink noted the inlubiling action of sulphur tnoxide 
on the oxidation ])roeess of the dioxide at the surface of ])ktmum, 
Burk and flinshelwooiP that of hydrogen in the demunpo.sition of 
aminoiim, and H iiialielwood and Kritrhard* of oxygen on the de¬ 
composition of nitrous oxide at plutimim surfaces 

We may divide these cases into two classes, tliosi' in which the 
reaction product i.'^ very strongly adsorbed, and those in which it is 
adsorbed relatively as strongly as the reactants As an example of 
the former we may take the case of the oxidation of sulphur dmxide. 
We may imagine the catalyst surface covered with a layer of SO3 
molecules each occupying two elementary spaces 

The rate of condensation will be and the rate of evaporation 
V will be constant, since the surface is nearly completely covered 
Since equihbniim obtains 

In tlie presence of excess oxygon any vacant spaces on the active 

' }‘nc Boy Soo , 1920, 110a, 4«5 

• T»ylor and Marshnll, .1 Phyi Chem , 19?5. 29, 1140. 

^J.Ckrn X’or. 1026, 127 , 1105 ‘ ,t. CAem. 5oe. 1925. 127 , 331 . 
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tiiltalyst will be occupied by this gas, and the sulphur dioxide enters, 
into reaction when it strikes the space occupied by the oxygen at a 
rate proportional to d/i.so,- Hence we obtain 


dx 

dt 


e,(l^ps().) I'jjr.so, 


■J 


i' 


-A' 


Pso, _ 

P>03 


In the presence of excess sulphur dioxide the reaction vcltH'ity will 
dx P 

evidently be ~ K * , lu agreement with the ex|)erimental data 


of liodenstein and Fink. 

In the decomposition of nitrous oxide at a platinum surface, according 
to the eijuation 


2NjO - -V -dN^ + Oj, 


Hiushclwood and Pritchard' found that oxygen exerted a retarding 
inllueiiee. If 6 be the fraction of the active surface covered with the 
oxygen film at eijuilibriuin, the rate of condensation and eva|)oration 
will be e'lual, or 

ap( 1 -- 8) -- I'd, 

whence I - 8- — , , 

e f 0/4 I + otOj) 


The rate of decom|iosition of nitrous oxide on the bare catalytic surface 
will be accordingly 


or 


IN./) 

I ^ hfl)/’ 


dx K{a-x) 
dl 1 4 hx 


where a is the original pressure of the nitrous oxide. The agreement 
between the observed values and tho.se calculated with the aid of the 
above equation is shown in the following table : 



di . 
calc. 

obw rvctl 


dt 

at 

23 


44 

4(» 

' 35 

30 

74r» 1 

i 29 

20 

112 

20 ! 

20 

159 1 

14 1 

15 

3fj6 i 

JO 

12*5 

257 1 

' JO 

10-4 

i 

10 

0 


' J. Vhem. ,S«., 1925 . 187 , 331 . 
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CH. 


The reaction velocity in solutions.- -In tlic caso of hotcrogoneous 
catalytic gaa reactions Vrc iiave noted that the dilTti.sion hypothesis 
of Faraday and Ikidenstein could in genera) not he Milistantiated 
In nil cnse.s yet examined the olwerved surface reaction velocities .are 
mueJi aniailer than the rate of contact of tin' gaseoii.s reactants In 
Bolulions, however, and possibly also in eases wli<‘re the .siirfaec reaction 
velocities are high, such as in the cases of surface combiistioii exainuiod 
by Bone, the rates of (litfiisioii may l»e conipaiable to I lie rate of 
chemical action It i.s clear that if the rat<‘ of dilTiisioii be the hinitiiig 
factor in siicli action, the mlluctici' of lcmp<*ralure on llie reaction 
velocity will be that eorrespondijig to tlii' temperature eofdhdent of 
dillusmn, wlmdi is small in gaseous and lujiiid media 

Zero order reactions. It has already heeii (d)serve(l that in many 
heterogeneous gas naictions, sui h as the decomposition of ahohols 
and esters at-the surfac<‘S of nietuls and met.illic oxides, the late of 
llecomposiluni is IIKlepeudeiil of the pressuie, ail experiinelif.ll fact 
readily intelligible on the assumption that the reaifaiits aie stioiiglv 
adsorbed ami (hat the ri'action veloeity aetually nieasurtsl is iln,. rate 
of coiiverHion of the iidsorbeii iiuulaiits ami subse(pietit evaporation 
of the [)ro(lucts. At siidiciently iuw jiressiires a deparliire fnun zero 
order reaction is to be anticipated Sueli zero order ii‘ai(ioiis are 
frequent m liquid systems We find, for exunqib', th.it maii\ enzyme 
reactions such as the hydnilysis of snears as obser'.ed bv \iii!>tioiig,* 
llmlson* and Nei.son,'* (dtey within wuli' limits sm h a law (see also 
Chap. Xlll) 

The case of the livdnygenatiou nf unsatnrated <irgaiiic .substances 
at colloidal ami mas,sue nieki'l ami platiinim siirfa(<-s presents .some 
interesting features The reaition vi-loiity of liyilrogeii.itiun has been 
studied with a view' to elucidation of (be inecliaiiism bv a miniber of 


investigatois. notably Paal,"* Kokin,’'’ l'bbleli<K|e ami S\auoe,'’ 'riiomas,’ 
Rideul,'^ Ariiistruiig and Hihblch " One of the facturs iiucuiinei led 
with tli(‘ niechamsm of the renetion is the r.ite oi supply of liMirogen 
by diflusiori through thi' liquid to (he catalyst surface It is found 
that this rate of .supply is aiigment<‘d b} agitation, the rate of l.ydro-'* 
genation is determined over a himti'd range bv the agitation rate a, 


and the relationship 


dr 

<lt 


^ K>i- 


is obeyed 


A similar ihq'endonee of reaction velocity on the agitation rate 


was noted by Bredig and Teletow in tlio decomposition of livdrogcii 


' /w, Kvi/ .W. l'U4. 73. elN' - ,/ Amrr t'htm. .S,k , IIXW 30. llWi. 1504 

* lind . niltj. 38. IIW. > litf. 1!»07. 40, .'.’lot). I'«i8. 41 WC. 

‘ y.tUhh nngtw Chm l'K)fl.a2. llVl Ul».' ' //-»/. MU!). 32. .‘.o. JTii 

’ J Chm StfC IhM, laiiO. 38. 120 " Trrtny Fnritd >or l!'-’3, 19, 1 

• Frvt Hov Noe. ItUO 98*. iJ7 IVJO. 98o 2T. in:M. lOOn 210 
Zntfch Klel(nKh»m., IDOll. 18. .’>(11. 
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proximo at a platinum surfaco. In this cast' a limitation to the rate 
of reartion is sot hy tho rate of iltlfusion of livilropn ]ioroxi(io through 
the '■ diSusion layor" ' of water adhering to the platinum, the thiekncss 
of this layer being reduced under ineri'ased agitation. Above certain 
critical speds, however, it is fouinl that the rate of hydrogenation 
as well as the rate of decomjHisition of hydrogen jiero.vide is unaffected 
by the rotation .speed, and tbe rate is thus not inllnenced by the rate 
of sup]ily of hyilrogen to the catalyst. An e.vaininalion of the hydrogen 
uptake time curves indicates that with inire materials and active 
catalyst the curves are linear in character until the reaction is nearly 
completed, when a unitnoleeular form a|ip<'ars With old and feebly 
active catalysts the zero order portion of the curve beeoiiies smaller 
ami the curve over an e.vtended |ieri(id of time aeipiires a nnimoleeular 
character, it has also been shown in the ease of sodium cinnamate 
and .sodium phenyl propriolati' that these reactants are strongly 
ailsorbed by a colloidal palladinni catalyst It appears that the rale 
of reaction in tbe bydrogenation of pure substames is proportional to 
the concentration of a ternary coinple.v bydrogcn niisatnraled coiu- 
poiiiul-cataly.st, similar to the many Inmolecnlar surface gas reactions 
already di.sciissed. 

Kor organic substances strongly adsorbed at the catalyst surface 
thusiirfaee concentiation will be independent of tlie bulk eoncentration : 
for substances feebly adsorbed and on inactive catalysts the stirfaci) 
eonceiil ration will be related to the bulk i onceiilralioii by an eipiatioil 
of the l''reuiidlich or bangmiiir type i'lie reaction velocity will thus 
be indejieiident of the bulk concentration until this falls to such a 
value that tin' surface concentration suiters a diminntion. I’oi.soning 
by reaction products, gradual adsor|ition of jioi.son from the reaction 
ini.vtiire, aecnmnlation of impurities in the byilrogeti, and other similar 
disturbances, re.adily cause a departure Ironi the linear type of curve. 
Uni- and pseudo - unimolecular reactions. Whilst over a large 
portion of the curve the reaction veloeilv of hvilrogeiiation is of zero 
order with respect to the siibslaiice undergoing hydrogenation, the 
effects of variation of hydrogen pres,siire are by no means so definite. 
If the adsorption comple.v nickid'organic substance i.s relatively stable 
it IS clear that, a.s in the ethylene hydrogen combination (Hideal and 
I'ease), the reaction velocity should lie profiorlional to the hydrogen 
ptes.sure. a eoneliision verified experimentally in simple eases by 
Arimstroiig and Hilditeli. Kor low eoiieent rat ions of eataly.st the 
increase in rate is less than proportional to tin- increase in pressure, 
whilst It was found that if the uiisutiirated compound eontuiiied a 
group wliicli bad an affinity for nickel but was not open to liydro- 
geiiatioii, an increase in liydrogcii ]ire3surc caused a more than 
corresponding increase, in reaction velocity, The decomprisition of 

’ *s<T Noyes nnj Whiliiev, Z*U<ch. j'hy^ilcul. C'Acm, 1S1)7, 23, SS1I . Itnimier, ibul., 1200, 
35, 233 ; .Ni-iiwg M., ItSM.’w, Si. 
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!h 7 flrogeu peroxide at the surface of massive platinum is, as we have, 
iioted, liraited over a certain range of speed of agitation by the rate 
of diffusion of tlie hydrogen peroxide through the diffusion layer, and 
is thus pseudo'unimolecular m character 

At the surface of colloidal metals and oxides such as platinum, 
manganefio dioxide, cobaltic oxide, and copper oxide, Bredig and his 
co-workers ^ ohtaineil an approximately uniiiiolecularrate of decomposi¬ 
tion in slightly alkaline solution There is, however, a relative increase 
in the velocity constant as the reaction proceeds, and, in addition, 
the temperature coefficient is relatively high (m 2-4 for 10° C rise). 
These two facts cast doubt upon the hypothesis that the pseudo- 
uiiiniolai'ular character of the reaction velocity is a measure of the 
diffusion rale of hydrogen peroxide through the diffusion layer It 
13 more than jirobablc that but a stnail portion of tlie colloidal particles 
arc catalytically active, and tliat we are measuring the true rale of 
chemical reaction at the surface The phenomena associated with 
colloidal catalysts receive a more detailed coiisideratioii in a sub¬ 
sequent chapter (Chap. XJII) 

, There are many other examples of catalytic acceleration hy massive 
and colloidal platinnin to be miteil in a(|iie()us solutions. Thus, a 
number of ionic oxidation.s arc acceleralcd hy tln^ mi'tal, r g. 

Ti " +11 —Ti''' -I If Dietiii'Iin and Forster, Zeil.tck. 

physdal C7mw , 1008, 62, 12!* 

CogiCN^'’ f H—> Co((:N)/" + H Denham, lU, 1010, 72. 041 

Mancliot and Jleizog, Jh-r Cliem 
1000,33. 1742 

Or"+ 11—■>Cr"'i-H Jablczynski, ZnLsch physikal. 

Ckm, 1908, 64, 748 

M^icther these reactions are limited in respect to t-heir velocity by 
dilTusion or the specific surface chemical reaction rate, requijes further 
investigation It is more than [irobable that the transition from one 
limitation to the other on agitation of tlie liquid, as noted m the case 
of hydrogen peroxide, may be obtained in those cases also 

The energy of excitation.— In the case, of bimolecular gaseous 
reactions we have noted the necessity for adopting the hypothesis of 
active or excited molecules, the energy of activation or excitation 
being provided by inelastic collision For heterogeneous reactions 
likewise a similar hypothesis is neccs-sary, for a simple calculation 
^indicates that but a small fraction of the molecules of a gas impinging 
on an active catalytic surface actually suffers dccompo.sition Wo 
have noted that many such actions proceed with uniform velocity 
although the pressure of the gas or concentration of the reactant m 
solution may undergo wide variations, and it is mfened that the 

' ZsiUeh. pAy^iid. Chtm, 18119. *1. 258. IWl, 87.1. 19W, ST, 798. 



(^talytic surface is strongly adsorbent. Thus, the increase in velocity 
of the reaction on elevation of the tenijwrature will, as we shall note, 
tor these reactions, be almost a true measure of the critical energy 
increment. In many reactions, the active surface may undergo 
alteration in area on elevation of the t(“mperature; thus, imi.sons may 
be partially desorbed with consequent increase in active area; the 
temperature coefficient will in these cases be abnormally large. Again, 
the configuration of the surface of a sensitive oatalyst may alter as the 
temperature is raised, <lue to the increased rate of sintering. In the 
case of heterogeneous bimolecular reactions, inferences from the tem¬ 
perature coefficient of tlie reaction are liable to be mi.sleading; thus, 
if one reactant be strongly ad.sorbed and the, other undergoes reaction 
when it strikes a vacant si>ace on tiie catalyst surface, the temperature 
coefficient will j-icld merely a measure of the latent heat of ad.sorption 
of the strongly ad.sorbed reactant. 

For .simple surface nsictlmis, however, prwi'cding under coiiditions 
so that flic surface i.s always .saluratcd, the calculation of tlic energy 
of excitation yields u[iproximatcly correct values. In the cases 
fulfilling thc.se conditions, wliicli have been examined with care, it is 
found that the energy of excitation of the ciitulyscd reaction is always 
leas tlian that of the uncatalyaed homogeneous himolceular gas 
^ reaction. 

Thu.s, in the decomjwsition of nitrous oxide, which occurs both as 
a bimolecular homogeneous gas reaction and on tlie surface of platinum, 
Hinshela’ood and Pritchard ' found for the liomogoiieou.s reaction both 
from the temjieraturc eoelficient and from the relationshi]) 

X 

Number of efieetive collisions ' nf 
Total mimher of eolli.sions ' 

a value of /i = 56,IX)() cals., whilst from the temperature eoefficient of 
the surface reaction a critical energy increment of 32,r)00 calories per 
grm.-mol. was found. Uideal and Norrish - found for the homogeneous 
gas reaction Hj + a critical increment of .'11,460 cals.; for the 

surface action between hydrogen and sulphur.'a value of 2.6,750 cals. 

Hinslielwood has pointed out that in the case of simple decomposi¬ 
tion of NjO, HI, and CljO, for the surface reaction tlie activation of 
one molecule takes place, but, in the bimolecular gas reaction, the 
critical energy increment to be supplied must he sutiicient to activate 
two molecules of the reacting species. The acceleration produced by 
such a conversion from a bimolecular to a “ unimolccular ” reaction 
is thus clearly intelligible, although the actual energy of excitation 
per gram-molecule may be very similar in the two cases. 

In the case of homogeneous bimolecular reactions the energy of 
excitation is supplied by collision between the molecules. It might 


' J. Vkm. Sx., im, IS?, 330. 


• J. Chtm. Hoe.. 1923, 123, 3216. 
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cu. 

bo that diily'^ tliDso tnok'C'ulcH hitting the active catalyst 

HiirfjK'c witii kiiM'tie energy e(|i[iil to or in e\ei‘ss ol the critical value 
undergo aetivalion ami dei'onipo.sition, tin- reiiiuiiider merely con¬ 
densing and iindergtiiiig siil)se(|iient evapoiafioii 

Tliere are, however, seveial .ilternative iiosHibiiities winch’ cannot 
lightly be disiiii.ssi'd Tims, we may eniisidi-r that an adsorption 
Cfimpimnd i.s lirst formed between catalyst and reactant, ami lliat fliiR 
compound is siibserpn-ntly supplied with activating energy l-y cnilision 
or hy ruttialion Again, tin- aelii.d act of adsorplitjii mav result m the 
]irodiietimi of an activated s[i(‘eieK The kinetK energy of the aicom- 
paiivmg moleeiite. tin- siirlace eneigy of the catalyst, ami the 
change in inteinul energy of the surface and adsorbate ronsefjiieiit on 
the lortiialion of the surface (omplex mav all eontribiite to such 
uetivatimi The sp<‘(’itt< ily ami loialisi-d aetivitv'ot eataivsts, ,is well 
as the extreme rapidity with wliidi the kiiieln, eiiergv of a (ollidiiig 
moli-i'iilc IS (iampi'd on i ollision w ii h a soiid siirfai e (Ijangimni), lavour 
the view lliat the ai'fivatiun occurs in llm lalaKsi-g.is enm[]le\. 

The relationsliip hetweim exaponitnm ami deioniposition of an 
adsorbeil moh'cule mav be suggestively considered ni the lollowing 
maiim-r Tin- mimhiT of moli-eiiles ev.ipoiatnig pel seeond p<r unit 
area ol active surface ,it a temperature T mav bi- wiillen, il siudi 
surface b('covered at all (empeiatiiies, 

0 

At-' 

when- N i.s the niimb(‘i adsoibcd urn! * the mean life cd an adsmbed 

moleciih- iiflei aetiMitioii with a (pi.uililv ol I'lierL'v y, the latent heat 
ol evaporation The tiiimbei ol nioh-euh-s pei unit area ot active 
surface- imdi-rguing decomposition pei second will be 
I, 

A'e'e 

wlic-re , IS the mean lite of a nioieeiih' after activation with K, the 

c ritienl c-m-igv mcretm-nt for dec om[iosi(ion 

The mi-an lives and , of tin- coiiuilexes between c-xcitation and 
i' r 

evaporation or di.smti-giaticm eorrospoiicl to Maxwell's pc-riod of mole¬ 
cular reiaxation. since not oiih are vac ant sjtace.s lilh-il up imniediatelv, 
but the- iidsoibed molecules ma\ be regarded as akin to a two- 
(limeiisioiiui gas possi-ssing purely vibraticuial energy m one vi-rtical 

plane, The lime of moh-eiilar rc-laxation in a Iminogeneous ga.s 13 

wlieri' 1 ] IS the viscosity and A the density, ami thus vanes but slowly 
with the ti-mpi-rature Since the process of readjustment of the 
distribution of energy m the surface phase after evaporation or dia- 
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intt‘jrrali<»Ji is tlu* same, it is prohahlG that the mean lives are extremely 
short ami jmssjhly related to Q ami K hy the relationship Q- Shv\ 
E,- Xhi'\ as sufijft'sted on p. 41. 

Kven more complex an* cases such as the decomftosition of alcohols, 
esters, and formic acid, the surface ct)mjMmn(ls of which may undergo 
evaporation, and two dillerent types of surface decomposition each 
with it.s own charact<*risfie critical energy increment for the ))artieular 
catalv.Ht e?nplo\e<l. Tin* fact that the rates of the two mode.s of 
decomposition an* in no uay n*late<l to tin* critical energy increments 
is charly in favour of the hypothesis that we an* (h-almg with two 
surlacc conijKmnds of difTcrent cliaraeter and structun*. each of whicli 
may utidcrgo the <-vaporation i-liange hut only one form of d(*com- 
p«isition. It is to he anticij)atcd that the heats of u<lsorptioii to form 
these two species of ('oinjamiids would Im* dijfeivnt. and the hypothesis 
of the csislcnee »if thi'se two types might thus n*eeiv<* experimental 
contirmaiion 

Apparatus employed. -The most jmjxntant )iet«*rogeneons catalytic 
reactions imiude tlioM* in which tie* rea<tants an* loreed through a hed 
(d granular eontm t material, the ellluent gase.s (ir lirjui<ls la'ing tlien 
sui>niit1<'il to anaivsis Manv examples of sm li reactions are to he 
found in tt'clnmal practice, such as tlu* ealalyiie proerss for tin*, 
pp'paration <»f ammonia. Iiydiogen from water gas. the removal of 

eahium and magnesium salts fnun hard wati'rs hy sodium zeolites 

or eliloniu' from hvdroelilone acid 'riu* ad\anee t<> lu* reeord<*d in 

tlu* siu'ntitie iii\e>stigation of tlir hydrodynamus of tlu* problem is 

not eoiisideralih* 

It Is }(l once e\ulen( that if a volume T of n'aitaiits lu- passed 
tluougli a \olunie r of material )n‘r hour, the “ space \e}oeily'’ or 

the \ohime of gas pass.-d through iiiiil \olunie of ealalyst is ^ litres 

(or e c.) per litre (or e.e ) jier hour The " space veloeifv ' for S V.) 
i.s an important cljaraeteristie, especially for teehnieal jmrposes, and 
a clear statement of the space \e!oeity is iieees.sary when the feasihility 
of aiiv pro(e.ss is uiulcr di.siu.Hsion A closer anaivsis of this d<'(inition 
will, however, imlieate tliat there is .some uncertainty ahtmi the details 
of t}ii.s conception It musi he nnderstooil that the S.V. (spai'c 
vel(uity) i.s alwavs reh-rred to the n*aetants at luirmal temjuTutnre 
and pressun-, a matter of eonsidenihh* importance when the reaction 
tak<-s place in the vafniur or gaseous state at elevated temperatures. i 
Again, the <‘onception of “ reactant “ permits of a certain degree of 
latitude Tims, in the synthesis of amnumia from nitrogen and 
hydnigen in the stoicliiometrio ratios I:d both the gaseous con- 
stitueni.H take part in the reaction, and .sinci- the stoichiometric relations 
are not altered after cataly.si.s, both gases are to lie con.sidered as 
rea<'tants. In other cases, .such as in proresses of hydrogenation, of 
selective combustion, or of the c()nverbion of wati-r gaa into hydrogen 



and carbon dioxide in the presence of steam, the question arisea’aa^ 
whether the S.V should be referred entirely to the reactant, i.e. tEa' 
fliibstance undergoing hydrogenation or combustion, or again to the' 
carbon monoxide ni the water gas Thus, m the case of the water-gas 
conversion, the quantity of hydrogen in the gas or of steam employeij 
miglit conceivably modify profoundly the velocity of reaction at the 
Hiirfuee of the catalyst. 

The procedure generally adopted is to refer the S V. to some 
iiiiparbunt constituent of the reactants. Thus, in the water-gas 
reaction, the 8 V. may be taken from the mean of the total volume of 
ga-s entering and leaving tlie catalyst mass corrected to N.T.P after 
condensation of tlie steam, whilst in cases of hydrogenation of, say, 
an oil, the S V, would be referred to the mass of oil hydrogenated per 
unit volume of catalyst space or per unit mass of catalyst. 

From the space velocity a second figure, no less important for 
technical operations, may be obtained, namely, the “ space time yield ” 
(or STY) If tlie fractional conversion of reactants accomplished by 
a .single passage through the catalyst mass at a sfiace velocity of V 
1)0 R, then tlie space time yield or the yield in litres of desired product 
per litre of catalyst space per hour will be R V. In many ea-ses, for 
convenience, the S.T.Y is expressed m kilograms per litre of catalyst 
space per hour, or other similar units winch give a numerical value 
to the product R V 

It may be observed that there is a relatioi^hip between R and V, 
since for low values of V the equilibrium under the conditions of 
operation is arrived at and R attains its maximum v.alue With an 
increase m the space velocity, eqiiilibrmra amongst the reactants may 
not have time to establish itself during the passage tlirough the contact 
mass, and with exceedingly high space velocities the composition 
of the reactants will scarcely be affected by such passage Thus, 
to attain a maximum value of tlie product R V, it is not necessarily 
or indeed always desirable to limit the space velocity to such low 
figures as may be neces.sary to ensure attainment of eqmlibriiira. 
Higher values for the S V. and a lower conversion may give a greater 
output per hour The R \\ V curve will consequently assume some 
such form as the diagram (Fig 4). 

(i.) The region 0 to a, m which equilibrium is established at all 
velocities up to a space velocity of a', whence the product 7^ V is 
proportional to V. (ii) The region a to h, where from space velocities 
o' to h' equilibrium is not established and the percentage conversion 
gmdiialiy falls off, the product R Y increasing, however, with in¬ 
creasing values of V. (iii.) The region b to c, where, with exceedingly 
high space velocities, the rate of diminution of R, the fractional 
conversion, exceeds the rate of increase in the space velocity, with a 
consequent decrease in hourly output 

In all circulating processes the optimum space velocity is repre-.. 



jy, j|pEWKpp(it».fe EEiC!rronsi 

seated by the point h' on the characteristic R Y, 1' curve, whilst 
far non-circulating processes the maximum hourly output and the 
best utilisation of the reactants {in those cases where equilibrium 
conditions are desired) is attained at space velocities indicated by 
the point o'. 

No satisfactory data have been published on the design of converters 
for such types of heterogeneous catalysis, but the following points 
which bear upon this subject may be mentioned. 

Wc have derived a figure tor the space velocity from a consideration 
of the rate of flow of the reactants through a given volume of catalyst 
space. This figure evidently gives us no information as to the actual 
velocity through that space, since i)art is occupied by the catalytic 
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material. For purposes of calculation we may assume that the catalyst 
consists of a number of uniform spheres, and, further, that they are 
packed in a simple and regular manner in the catalyst chamber. 

It can be easily shown, for the .simplest type of spherical packing, 
viz. |)oint contact in sets of three, thus: 



that the free space unoccupied by the spheres (assumed inelastic and 
incompressible) is 33-5 per cent of the total volume occupied and is 
independent of the diameter of the spheres, whilst the free cross- 
sectional area is 9-55 per cent of the area of the catalyst chamber and 
is bkewise independent of the diameter of the spheres. The dependence 
of the area of contact exposed by the surface of the spheres on the 
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fliamdh-r of the. iixliviflual i« exemplified in the following curve (Fig. 5). 
The ailvaritiiges of fine puekmg ure clearly demonstrated 

The works of 0 Reynolds on gravitational theory, uml (d Pope 
and Barlow' on cliemieal cry.stuliography, may be eonsiilted for other 
ty[)es of H|)In‘r]eal packing They will be of use in giving an orientation 
into the [iroblem.s »d arrangement of the latalyst beil, but their utility 
is limited by the deviations of tiie catalytic material from spherical 
shape 

It IS evidi'iit tliat for a )S \’ of V t)i<‘ line spai'c \i-l(ni(\ is ap- 
ploMdijilely -U', when (hie allowaliee is made for the space oi'iiipied 
liy the eatalvlie matmial, and tliat the line.ir velonly in nnfres per 



Surfaci area in square deciinetros pei litic of catalyst space 
Km! ;> 


s<-e(iiid niav be obtained bv (.dciilatmg the tale of (low in a tube 
one-tenth the cross • sei tioiiul area of the coinerler In Icdimcal 
design a linear tiow rate of lU metres per sec'ond is fro(jnenf|\ -taken 
as a convenient basis for talculatuui of gaseous nau’tioiis Although 
fine division of the eatalyst is desirable from the iiomt of view of 
increiising llie HUjiorficial area [ler unit volume of converter .spau‘, uiul 
nithoiigh It nmv be possil)|e to preserve uniform and appro\miate]y 
spherical packing in fliie-gramed material. _\el, the increased skin 
friction caiisi'd bv th(‘ great extension of surface lo which the reactants 
are exposed during tludr passage, raises the value of the fnrtuuial loss 
or back pres-suri' in tlie converter to siudi a high figure as to preclude 
ecoiioiuu! working A secoiul objection of a jiractical nature to undue 



IV HETEROGENEOUS irtiji XXV IVI!*A1711UJN5 96 

•4 


reduction in catalyst size may be raised in that even coarse powder? 
are very prone to removal by passable oi the gase<nis reactants, ami are 
liable to exhibit the jihemnuenon of '* cluinnel formation " due to 
slight unevenness in the distriluition i>f the material. 

Types of apparatus for experimental work. For the experimentul 
investigation of catalytic proce.ss«*s involving gas rea<’tion.s at a solid 
contact snb.stanee, two simple types of ajiparatiis may be describe<l 
M’hich have proved of great utility. 

{Sabatier tlev(‘loped a form of apparatus whieli has be<*n u.seil 
with 8uetM‘.s.s in the inve.'<ligations which In* has conduefed with his 
collaborators on the hydrogenation of orgame lupiids This type of 
apparatus is generally applicable to tin* stmly of 
catalytic int<'raction (d gases and of vapours of 
InpinN. 

.\ gla.ss. or preferably <jtiarlz. tul>e of suitable 
dimensions forms the reaction spai<-. in which is 
p)a<-(‘d a layer <d the ratal\tie agent to l>e em})h»ycd 
in the case ul nickel a layer ol the unreduced 
oxide. 

Om* «-nd of the tube is with a stopper 

earrvmg two tubvs. as illustrated m tie’ ueeom- 
pauuug diiiLO'am (Kig ti). of whndi one .^erves as 
(bdtxery tuiie inr tin' ine<uiinii' L'as (l*ydrogen iu the 
«a.M‘of hvdrojienalKU) studies), the (Uher fordelivi^ry 
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F the li*piid. or of tin' gas fn lie investigated In tin- ras<'of lnpii<l.s 
eapillary tube is employed, tin' liquid being stored in the vertical 
ibe T The rate of flow of liquid may be regulated bv varying the 
anieter of the cajullary and the height (d Inpiid in the reservoir, 
ibatier recommends that tin* inflow of liipiid into the reaction space 
* constant by arranging lliat it does not leave the eapillary in drops, 
y allowing the end of the ca))illary C to toueb the inside of the 
action lube this may lx* reaclily attained. H the reservoir T be 
innecre<l with a v<'sscl of considerable dimen.sion.s tin* height of 
piid. A may be maintaine<l fca.sonably constant over long jx'riods. 

The reaction tube is heated in any suitable manniT, cither by gas 
me, as in an organic elementary analysis, or more conveniently for 





tjifl attainment of an even temperature, by means of an elecfcH^ 
resistance furnace. In the latter case, where the heating is unifot^ 
around the tube, the catalyst may be inserted as a plug in the reacti<^ 
space as alternative to the layer of material employed iu the g^’ 
heated tube. The heating should extend safficiently far along the- 
tube to allow of vaporisation of the incoming liquid at ^ 

With sufficiently volatile liquids, an alternative arrangement is!" 
possible in wliicii the mixture of the gas and vapour is obtained by 
illowing the former to bubble through the liquid, passing thence’, 
liroct into the reaction space. By regulation of the temperature of the 
iquid and by ensuring saturation of the gas at the given temperature/ 
from a knowledge of the vapour pressures of the liquid, a definite ratio ■ 
of gas to vapour may bo readily attained. The authors have found ^ 
this is a suitable method of introtlucing definite quantities of steam , 
and alcohol vapours into the reaction mixture It ha.s been found, 
however, advisable in the ease of steam, first to supersaturate the gas ' 
with steam by passage through water maintained at a temperature 
higher than that required to give the definite ratio, and then to pass 
the supersaturated gas through a further quantity of water maintained • 
at the requisite temperature 

Sabatier, in the case of solids wliioh arc readily vaporised, places 
the material in porcelain Iioats inside the reaction space some distance 
before the catalyst mass The incoming gas carries along witli it the 
vapours of the solid arising from the heated boats 

The temperature employed may bo determined according to • 
Sabatier by moans of a thermometer placed alongside the reaction 
tube, when the latter is embi'ddrd for evenncHS of temperature distri¬ 
bution in a layer of imated magnesia or fine sand. Alternatively, itv 
may be placed inside the reaction vessel, in which case, liowever, there 
is difficulty m alteniig its position to determine the temperature at, 
various points Witli the latter alternative, a thermo-couple is more" 
useful than a mercury thermometer, owing to the difficulty of reading' 
the latter when inside tlio tube. 

A modified form of apparatus can be convciueutly used, more, 
especially for the investigation of catalytic gas reactions at different' 
temperatnri'S. The features of the apparatus are its simplicity and 
adaptability, ease of tomporatiire control and observation, as well as 
eveiines-s of temperature distribution. The accompanying diagram' 
(Fig. 7) illustrates the salient details of the apparatus The outside 
glass or silica tubo is electrically heated by means of a resistance wire, 
suitably insulated and lagged. The upper end of the tubo terminataa; 
in a length of tubing of narrower bore sufficient to pass the thermometer', 
or thermo-couple, which may be adjusted in position at any suitable- 

' Ulhcr inixtifiratinni ol (his »|ipanitiis arc descriM l.v Taylor snd NsMlIe, J. Amt^l 
Ch*m. &x., 1S>1, 49 , 2000, Adkini, tM-, 1922, 44 , 2177, Adkioi and Numm, tiid, 19^‘^ 
46, 199. 




iieight. The catal)’fic material is contained in an inner concentric 
tube which, when in position, allows of a narrow space between the 
inside of the heater tube and the outside of the catalyst tube, througl 
which the gases pass up from below and are thus brought to the desired 
temperature. By this arrangement, apart from the radiation across 



the gas space, the heating of the catalyst material is caused by the 
incoming gases, and so can be the more easily regulated. Also, the 
charging of the reaction space with the contact body is more readily 
efiected than in the apparatus designed by Sabatier. Large sizes of 
this type of < atalyst furnace, constructed in iron with suitable modifica¬ 
tions, have been employed with considerable success in exjeeriments 
upon a semi-technical scale. 
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UROMOTKIW, MIXKl), SIII'I’OKTKD. AND PROTKCTKI) CATALYSTS 

Tiiv; jmitiv’*' cuLalyhc (‘IT('rt. itrodiiccti by a givon substanci' iti a f'lvoii 
rcai'.tioti may, it is found, in- ('onsid(‘rably onlianml by tlio adinivtiiro 
with the ciitalyst of siaull r|iuuititii-,s of otiior .Hub.stanci's Normally, 
tin* acci'li'ratioii prodiici'd liy a catalyst is ])ro(iortiomd to tbc con* 
ccnlralioii of the catalytic accnt |)rcs<‘iif, as wrtl be illustrated in 
jimiieroiis esani[iles in the folloivinu [u^'cs , in the cas(‘ of two catalvsts 
accelcratiiifi the siinie renclioii, tlwir double elicit is fr('([uently llie 
same as if each were reaitint; singly This i.s true, for cvanipie, when 
a mixture of colloidal i>latiiimn and jjold takes |iart in the decomjxtsi- 
(loti of hydrogen peroxide Hut exception.s to this rule .in* common 
Mercury and copfier Hul|)ha(cs eaidi aecelerute the oxidation of .iiuline 
or naphthalene by concentrated sulphuric acid Tiieir joint elTect is 
greati'f tliaii tin* sum of their individual activities More es|ieciallv, 
liowever, in gas reaelions accelerated by solid catalvsts does the 
jdienoineiion leterred to become pronounced The nioditicatioii of 
catalytic activity produced bv even imimte (jiianlittes of foreign 
materials is in maiiv cases ipiite astonishing, and exploitation of this 
faitor lias been most marked in recent practical apjilii'anons of 
eataivsis. This imiv be dliistralisl by a textual ipiotatioii from the 
Badiselie Company’s Kiiglish patent '■ on improvements m the manu¬ 
facture of hydrogen bv the wa(i‘i-gas-steam catalytic process 

■'In the researches on tin* production of hydrogen from mixtures 
of carbon monoxide and steam, according to the cijuation 

we have found that tin* jiower of catalytic agents generally can bo 
improved by the [iresenee of ceitain bodies which may be termed 
promoters We have found, for mstanco. that the activity of the 
catalytic agents, espeeiatlv those ronsi.slmg of or contuniim: iron, 
mekel or cobalt, or oxub's thereof, ami also the cafahfic activity of 
other metals or oxides even such as. by themselves, arc less active, 
can be greatly in<'rea.sed by the addition of certain compound.s or 
‘ No i70w;i9i:t 
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bodies to which, as aforesaid, may Ix' ftiven the name promoters. Thus 
the activity of catalytic a>rent.s consisting of or containing iron, nickel 
or cobalt, or <ixido.s tliereof. can be greatly increased iiy the addition 
of oxygen rompoiinds of chrominin. thorium, tminiiim, beryllitim, 
antimony, and the like. Further, a catalytic agent consisting of or 
containing iron in adnii.Kture with less than its weight of nickel, 
particularly after working for a long time, yields better results than 
does either iron or nickel when employed by it.self. ... In many 
case.s, |iartieularlv when iisine catalysts of weak activity, we jirefer 
to employ as [iroinoter a compotind which differs considerably from 
the catalytic agent, in particular with respect to valency, chemical 
basicity, and capability of reduction . . The contact maa.ses con¬ 
taining iron us the catalyst agent, and a smaller ipiantity of nickel, 
as aliiivi* (h'.serilied, as promoter, bring about rapid and far-reaching 
conversion without the .simultaneous formation of methane, even 
when a comparatively low tem|)erature is employed, and, as compared 
With pure nickel, arc further characteri.scd (especially when suitable 
o.xi'h's or o.vy-compoiinds are em|iloyed as binding agents, or as 
proiiioter.s) hv possessing greater stability and le.ss sen.sitivenesa In 
deleterious itdblcnces such as, for instain'c, fortuitous iiicrea.se of 
temperature and im|)iiritics in the gas mixture " 

.\s exam|ilcs of such contact masses the |ialeiitapplication contains, 
iiiliv iihii, the following . 

(I) The mixture obtained bv evaporation and ignition of a solution 
of x.'i parts of iron nitrafe and l.'i parts of (diromiiiiii nitrate. 

The mixture obtained by ignition from a solution of the in- 
grcdieiiis: -10 parts of ferric nitrate, b parts of nickel nitrate, and 
:> (larts of i hromium nitrate 

'■')) A preparation iditained by solution, evaporation and ignition 
of MH parts of iron nitrate, .'i parts of ammonium bichromate, and 
1 part of thorium nitrate 

Kspecially in this latli-r case is the principh' of promoter acf.ion 
illustrated. It is clear from this example that a mixture eontaiiiiiig, 
in the main, oxide of iron with admixtiiri' of but 2 b |ier cent of 
chromium comjiounds and only It’.b |)er cent of ccria. is claimed to have 
coiisidi'rable superiority as catalyst over a contact mass containing 
iron oxide alone. 

In addition to the use of promoted and mixed catalysts, con¬ 
sideration must also be given to the use of catalysts stiread upon 
suitable snpiiorts. Stress has already been laid on the relation between 
physical condition and catalytic activity. Experiment has shown 
that efficient distribution of catalyst material may be secured by 
spreading the material upon an inactive support, economy of catalyst 
thereby resulting. The classical e.xample is the use of finely divided 
platinum in the form of platinised asbestos or as platinised magnesium 
sulphate in the contact process of sulphuric acid manufacture. In 
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view of ilte iihenoniona occurring in the use of promoters and of mix€ 
catalysts, it is possible that similar advantageous results accrue’fro^ 
the use of support materials, which are not to be explained from tb 
point of view of distribiilion of catalyst alone. It is for this rt^ao 
that the three classes of catalysts, promoted, supported, and mixer 
arc licic grouped together for discussion. 


PjiUMOTEB Action 

/nforniatioii on the subject of promoter action is widely scattered 
tfirougli the literature and is in general meagre, being largely limited, 
in the field of hcterogeneotis catalysis, to simple statements in patent 
specifications that certain substances are able to activate some par¬ 
ticular catalyst I’case and Taylor^ collected the major porlion of 
this literature with the object of increasing interest in the investigation 
of tins field. Their conifulation has been followed by a mimlicr of 
communications, from various sources, dealing more espeoially with 
the riieclinni.sm of particular catalytic reactions The re.siilt.s will be 
set forth in dofitil in fuibscqiient paragraphs 

The definition of promoter action.— In attempting a definition of 
promoter action, Pease and Taylor construed the phi'iiomonon very 
broadly and included all those eases in leheh a niixinie of Iv'o oi mo^' 
svbstnvees is capable of pioducmj a (jiealri calnlifhc rffid than etin he 
liceouiiled foi on the. suppostlton that cue.h siihdamr in the inijliiie acts 
■mlepevdenli^ mid in. piopoition to the iini<niiil pieseul. The breadth 
of this detimtion, while useful for jiiirposes of literature compilation, 
has obvious defects It is ajiparciit that, within the .'Jcope of this 
defimlioti, cases of promoter action, of mixed catalysts and of supported 
catalysts, may all be included Furthermore, from whal has jireceded 
ill reference to (lie relation of activity to distribution, it is apjiarent 
that the nniMiht of a catalyst present is no correct measure of catalytic, 
etfeet a.s witne.ssed by (be extreme variability iti culaljlic uctivuty pet 
unit urea of metallic foil and nictailic mirrors noted bv liiiisiielwood, 
Hurt lev and Topley'"* To define the field iiior*' jmrticularly Pease 
and Taylor suggested the use of the terms “activation ’ and ‘ co- 
activatioii ”, the, former to designate the actuation of a catalyst by 
a substance relatively inert catalytically, or by a .small (juantity of 
relatively active substance The co-activation of a number of catalysts 
each liy tlie rest would obviously be a case which we have here, de-signated 
as that of a mixed catalyst. i, 

As far as a study of the literature has revealed, the term “promoter*^ 
was first apjilied m the patents of tlie Badischo Amlin- und Soda-Fabnk^ • 
on ammonia synthesis to the substances themselves inert catalytically, 
which are able to increase the activity of a moderately good catal”"* 

‘ ‘ J. nyi,cal Chm , 192r>, 24.241, ’ Proc. Hoy Sot , 1922. IOOa. 575 

* U.P 19249, 16/8/10, 
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admixture in small quantity with it. It can be maintained with 
ibme degree of success that the deliberate admixture of inert materials 
p small amounts with catalytic agents to imiirove the efficiency of 
the ^catalyst constituted a novel advance in the technique of contact 
^catalysis. It is also certain, however, that this enhancement of 
.activity had been achieved, unconsciously, many times jirevious to 
^the 'deliberate use of such added agents. Indeed, as will later be 
shown, evidence as to the mechanism of the effect |)roduced by such 
additions was obtained many years previously by Ita.xtcr in an investi¬ 
gation in no way connected with the problem of catalysis (see (i. 107). 
The conscioii.s development of this usia-ct of the subject by the lladisc.he 
C'omiiany is well attested, however, by the patents covering a wide 
variety of catalytic processes in which the etlicacioiis inse of ])roinotcra 
was claimed. In addition to tho.se already mentioned, the following 
may be cited. Thus, in hydrogenation proce.sscs, claim was made* 
lor thi' ii.se of iron, nickel, cobalt, or coppi'r as catalysts, improved by 
addition of one or more of the following- often in (jiiantities of less 
than 1 per cent: o.xides or oxygen containing salts of the alkaline or 
rare-earth metals, or beryllium, manganese, magnesium, iiraiiiuni, 
vanadiiirn, nobiiim. tantalum, chromium, titanium, or boron, or 
ditficiiltly solnblc jihosphate.s, tungstates, or selenatiss of the alkaline 
'earths (or lithium), or com|)ouiid3 of lluorine, tellurium, or antimony, or 
the elementary tellurium or antimony. For the reduction of nitro- 
aromatic compounds, another jiatent * .states that the copjier u.sed as 
catalyst may he considerably improved by the addition of zinc, silver, 
magnesium oxiile, alumina, or sodium silicate. Other liadische patents'’ 
deal with the jiromotiou of catalysts for use in the oxidation of ammonia. 
Iron oxide admi.xed with small amounts of bismuth oxide or with a 
mixture of bismuth and cerium oxides are examides of this chi.ss. 

In their devi'hqunent of the field of jiromoted catalysts, with a 
view to patent iirotoction, it is evident that the Badi.sche Company 
attempted to c.xteiid the concejit of a )iromoted catalyst to include 
cases which more particularly belong to the category of mixed catalysts. 
Thus, in amiiioiiia synthesis, claims were made * for the use of mixtures 
of metals or their compounds from different groups or sub-groups of 
the perioiiic table. Another’' ohiiins tlie use of a catalyst wliicli shall 
consist of one substance capable of aksorbing hydrogen and another 
capable of absorbing nitrogen, palladium-molybdenum being cited as 
a catalyst. The inclusion of a 50-50 iron-molybdenum catalyst in 
a.'promoted catalyst patent clearly indicates tlie effort to include 
such cases of mixed cataly.sts in the general category of promoted 
patents. Such inclusions undoubtedly weaken any claim which the 
Badische Company might make to protection for promoted catalysts, 

' D.R.P. 282782, 12/12/13; B.P. 2306, 28,1/14. • B.P. fi692, 15/4/15. 

• J).E.P. 283824. 14/4/14 , 287009, 24/5/14 i B.P. 13848, 18,0/14. 

‘ RP. 26167, 14/12/11. • B.P. 21151, 26/9/11. 
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since there is an abinukiice of examples m the prior art of the superiority 
of mixi^l catalystB over eitlier eoiistitiieiit snifily. Thus m the case 
of HUioioma syrithesi.s itself, an Au.sfriiin patent granted to Hlavati^ 
daims the use as catalyat' of a mixture of titamum or titamfc^rous 
lodios III ailmixture with A Krench [latent” to the 

Christiania Mine Koinpunie claims titanium in a hiiely divided 
condition on neutral .supports with or wilhont the addition to the 
titAwuii} of pktnium or tlir j/hihniim iiH.iIh Further, the titAuiiim 
could he replaced hy hismidli, antinioiiv, or alkali or alkaline earth 
metals, provided that piatiniim or the platinum metals were employed. 
The use of metallic eoiiple.s as redm int^ aeenfs'* i.s a verv old example 
of the niixeil metals possessing an aelivity when togcthiT much gieater 
than the combined ct)c<'t of i-ach singly In the i.ise of the /inc-copper 
coiijilc the reaelioii is not generally regarded as catalytic beeaihc the, 
i^iiio reaits; but it is cafutytic as regards the dipper (’oheu and 
Dakin ^ report the cutivlytic action <if an ahimiimim-merciiry coiijilo iii 
the ludogeiiulion of benzene, tolnciie, and x\|enc Tlii‘\ si.ili' that the 
fragments of tfu* couple remain iiiicliangcd diiimg the leaction These 
examples may be taken as typical Dllierrascs, moreespci lallv tlio.se ol 
mixedciilaly.stsill lioiuogvncoiissys|ems,\ull be <!isciiss(’i! .ii .1 hilerstage 

It Would seem desir.ible, tln'relore, to re.sliiet tlie term ' [iioinofer 
action ’ to the beilelieial elhst poidiieed in ,i cataKln agent bv ad- 
inixliire Hilh a relativelv small (pi.inliK of ,t inali'mii, iiierf or of 
iK'gligible eatafitic activity in the nantioii m (piesliou The higher 
netivilv ohtameil hv using se\eral eatalisls mixed, ovei thal oblamed 
wlnm Ifiey are I'nijihoicd sepaiatidy. would (hen he a case i,f eo- 
uctivation'' At the olhei extreme, the disposirinn of ait .olive 
catalyst on a r<'liiti\e|y large ((uantitx of an inert or piaciii.div inert 
support material iiia) he regarded as ihe prodin tmii of a suppi'rted 
catalvst It IS very evident that tin' thri'e ei,is,ses will iiteige together, 
and MO deciSIV'e line of deliuireution lii'tweeii llietii laii be dr.iwii Jt 
may be found al.so that the ha.sis of the eiihanei'il ;o livilv prodto'i'd m 
ail tliiee types of prodiiet mav, m eeitain ease.s lie the same III other 
eases a marked dilfereiiti.ilioii of meehamsm will lie estahJished 

Examples of promoter action. I[>ati<'w appeals m have been 
among (ho first to record 111 <!etail promoter action in a heierogeneoiia 
system He foinid'' that m the preseiiei' of coppiT oxide, ,ind in a 
CA)ppci lube, aiuylene was onlv one-llnni converted into iso|i(‘ii(aiie 

' A\oii r Veiii.iK, iSH.v * Vi’ -’J'.isyiRiiit 

» CliulHtonr aiul Tnl>c. /'r,-- llo; Sor. I8TJ, 20.1’l.S .1 ‘ h.,u .sV, ISTJ 25 UU . 1872. 
26, 118, W;!, (.78, WII . IS74 27. L’CS, mt,. (115. /«75 28.508. IHTu, 30. .'IT . IHT7 31 .>bl, 
1878, 33, 1.11', 1870, 38, K'T. ITJ. .VO. U'lllwms Inalij'-I. 1881 6 •!« I nel, ZniyA. 

arult I'hrm . I8II1, 30. 175, Tliiir|»‘ niul Kctti's J ( k'M S'.w 1871, 26 .Ml . Unllumley 
RiiJ 'riii>ni|«(iii. J Ckm ,W. nW8. 83. 151 Muller iiikI WiRehn, /.I'livh /iiwl i kmi . lOll, 
PO. 815 lUrcDiirt, J Chrm ,S(« . KWJ. 18. 385. I8t>3, 16, J81I, Ih'vaala, ihun 
181I3, 16. 11182 

« J. I'hm Sof. IStHI, 78. «9.3, l!W7, TO, 1111 
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by hydrogpii at 200 atmoa. at a t(‘tn|ierature uf StXV’ ('. in twonty-eight 
Louis ; witli copiior oxido in an tron tiibn complete conversion was 
effected in twelve hours under the same conditions. The .same relation 
holds also for the hydrogenation ol tctrahydrobenzenc, tetrahydro- 
tolnene, innene, and earvene 

Iputicw also rccord.s * an interesting cu.se in which u hydrogenation 
and dehydration catalyst appear each to activate the other when ii.sed 
together to carry out a reaction which ordinarily would involve several 
succc.s.sive .steps He found that camphor Ha.s hydrogenated in presence 
of luckcl oxide at .')2()'-TOd (’, ynddmg horneol. Tims in turn could 
he dehydrated hy alumina at .'(.'lO , yielding cumpheim. which 

could then he easily hyilrogenated at 2111 (' to give camphene. By 
using a mixture of nickel oxide ami alumina in presence of hydrogen 
the complete reaction could he effected at a temiiiTatiire of 2()t)'’ or 
less, fsimdarly. fetichone may he hydrogenated at 2tll' ('. to give 
fenchcnol. which, however, can only he dehydrated with dilliciilty. 
In pre.seni'c of a mi.xed nickel oxide-alumina ealaly.st, a hydrogenation- 
di'hydration jiroce.ss readily oeenrs at 2h') I’, yielding feiichane from 
the original fenchone. 

The extraordinary increase m the light emissnity of thoria iiican- 
desieiit mantles when admixed with It-'.t per cent <d I'cria ha.s been 
utilised, as is well known, in the technical dcvelopmi'iit of the Welshach 
incandescent mantle. A recent resisirch • has estahlished that a 
maximum in the elticieney of cataiylie oxidation of electrolytic gas 
mixtures oci'iirs at the .same concentration of ccria in thoria. I'pon 
this ha.sis. It seems rea.sonahle to u.ssiime that the mantle is a catalyst 
for the oxidation of illuminating gas. the eeria playing the role of 
promoter, mole rapid combustion and a higher temperature of the 
mantle being thereby attained. 

In the catalytic oxidation of ammonia. .Ma.xled ha.s obtained® 
curves indicating the ndativc ellicieiicies of iron alone and admixed 
with other metals as promoters. Bismuth, tmigsten, and copper 
enhanced the yield of nitric acid with a given time of contact. la'ad, 
manganese, and calcium diminished the yield. These oUservatioins 
ire the basis of patent claims by Jla.xted and liid.sdale* lor eatalyst.s 
lor ammonia oxidation. 

The Hurger-Terry patent ® for the preferential catalytic combustion 
if carbon monoxide and oxygen in presence of bydrogim claimed, in 
iddition to .simple oxide cataly.sts, the use ol promoted oxide catalysts. 
In iron catalyst containing 2-5 jier cent cliromiiim oxide and O-ri per 
ent ceriiini oxide was found to be superior to an iron oxide catalyst, 
lid o[ierated more etficiently at considerablv lower temperatures, 
'he catalytic oxidation of carbon monoxide in air at room tem]icratute8 


' Bfr, 1910. 43 33117. 

' J Sor. Ind., 1917. 36. 777 


* Swan,./. Sue, 1924. 425, 78<). 
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can be achieved by mixed oxide catalysts,^ of wliich the most notelile 
is “ floijcaiite", a raixtiire of 60 per cent manganese dioxide with 
40 jier cent copper oxide This case is of especial interest since it has 
attracted conshlerable experimental study with a view to elucidation 
i)( the raeclianism whereby the mixed catalyst is more efficient than 
either singly. This work is discussed m detail in the next section. 

The mechanism o! promoter action.- Oue case in which the 
mechanism of promoter action seems definitely to have been ascertained' 
is available in the older literature. ElissafofI studied the action of 
glass wool and heavy metal salts on the velocity of decomposition 
of hydrogen peroxide both singly and in conjunction with each other. 
Elissafoff showed that, together, the glass wool and heavy metal salt 
effe-cted a much more rapid decomposition of the peroxide tlian would 
be anticipated on the basis of ailditive effects. Thus, with a decomposi¬ 
tion velocity of U-8G lu pn'sence of (i 5 grni glass wool m 20 c c of 
peroxide, and one of 1‘63 m presence of 1'54 milhmolar solution of 
copper sulphate without glass wool, a solution with the .same copper 
sulphate concentration plus 0-5 grin glass wool in 20 c c gave a de¬ 
composition velocity of 10-«; all the velocity units are expressed in 
arbitrary units The concentration of hydrogen jieroxide was 12 
milliraolat. In this case at least the mechanism is apjtareiit It is 
known that the decomposition of peroxide takes jilace at the glass 
surfaces It was probable that the copper .salt was concentrated at 
the glass surface and so cxorcisi'd greater clfeet That thus was so 
the following observations iiidicut(‘ clearly The nnimoleeiiiar constants 
for two copper ion concentrations of I and lo millimols per litre were 
O'OOIS and 0'(X)23 respectively, in the rufiu, therefore, of I I'77 
The amounts of copper salt adsorbed from tliesc solutions by Jena 
glass powder of the same glass were in tlie ratio of { 1-73 It is 
apparent that the decomposition vidocities are proportional to the 
amounts of adsorbed copper salt This case is certainly, therefore, a 
reaction velocity at the surface and not a diffusion velocity. Were 
it possible, to make adsorption measurements, other modes of de¬ 
composition of hydrogen peroxule would jtossibly he found to be of 
the same type, 

Hydrogemlm ■procesxen — An informing contribution to the theory 
of promoter action has been made by Medsforth,’* who lias studied 
the effect of promoters added to a nickel catalyst in the hydrogenation 
of carbon monoxide and carbon dioxide to yield methane, Keasonmg 
from the simultaneous production of water m the reaction, the addition 
of catalytic dehydrating agents to the nickel catalyst was made with 
materia! increase m the attainable reaction velocity for a given con¬ 
version of the reactants Oerm, thoria, glucina, chromium oxide, 
alumina, and silica gave an, from seventeenfold to twelvefold, increase 

' Lamb. Brey, and Frazpr, J Jnd Ckim , 1020, IJ, 217. 

* Ztttick itelUrocMm . 1913.31. 352, » J. Chein. Sue., 1923,123, 1432. 



in''^eIocity over that obtainable with the straight nickel catalyst, 
Zirconia, molybdenum oxide, and vanadium oxide were somewhat less 
efficient, though still good, iiromotera. Tin and magnesium oxides, 
copper and silver metals, |iro<luoed no acceleration over the straight 
nickel. With the carbon dioxide reaction the increases in velocity 
effected were somewhat le.ss than those recorded for the monoxide 
reaction above. The order of efficiency was exactly the same. The 
order of efficiency is roughly that of oxide catalysts recorded by Sabatier 
in reference to strict dehydration iiroeesses. 

In explanation of the activity of the ))romoters. Medsforth assumes 
the function of the nickel to be to assist the union of the gases to 
form a '' complex ” or intermediate compound of the methyl alcohol 
tj’pe, probably via formaldehyde. The promoter then functions as a 
catalytic dehydrating agent on the intermediate compound giving 
water and a methylene radical, whence, immediately, methane results. 
The promoter a.ssists the. known dehydrating action of the nickel. 
This can be scdieniatised thus: 

CO + 2H.^ —> H/t. on —> \'Hj 5 + HjO. 

The combined dehydrogenation and dehydration effected by Ipatiew' 
with a nickel alumina catalyst, whereby the conversion of cam]ihor 
to i.socamphene is effected at 2CW“ (k in one step, is cited as supporting 
evidence. 

Medsforth call.s attention to an important feature of promoter 
action wliiidi he has noted, that of sekclnr iiroiiiolioii. It would 
ajijiear that when two reactions, both capable of lieing accelerated, 
take idace at the same time in the |iresencc of the same catalyst and 
the same jiromoter, that which is normally slower is aceelerateil to a 
greater comjiarative degree than that which is normally the faster. 
Support for this statement was obtained in the observation that when 
carbon monoxide and steam react in the presence ol nickel and nickel 
promoters, whilst carbon dioxide and hydrogen are the main ]irodutts, 
methane is also formed, the quantity of which is greater when, for 
example, alumina is present than w hen nickel alone i.s used. Similarly, 
in the production of methane from carbon monoxide and hydrogen, 
more carbon dioxide is formed as a by-product due to the simultaneously 
occurring water-gas reaction, when promoters are added to the nickel 
catalyst, than if this latter is used alone. 

In discussing the applications of this dehydration hypothesis 
Medsforth reviews several eases of promoter action. For catalysis of 
the water-gas reaction with iron oxide as catalyst, it is significant 
that the promoters among the most effective are hydrating agents 
and oxygen carriers. The action of ceria-thoria in the incandescent 
mantle may also be in part due to combined oxygen carrier-dehydration 
effectiveness. 

' J. Sum. Phi/t. Chtm. Sx.. 11112, 44 . IMS. 
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I. 

As a temporary nlaHsifieation of promoters for purposes of discussion 
Medsforih iJivcH th(“ followirifj 

(1) Tlic promoter decompost’s iiitermediato coriipouiuls formed by 
tlie catalyst 

(2) Tile promoter eausi's tiie renetiii}' aiilistanoes to (minbiiie, tlie 
ri'Hiilting interiiK'diate eompoimd hem" decomjiosed bv tin' catalyst 

(.■}) Tile promoter adsorbs or eonibiiies with one of the reacting 
substances producing a greater eonei'iitiatnm of the latter at the 
catalyst surface 

The origin of the carbon dioxide in the inethanatiori process has 
been elucidated i'V Armstrong and llilditeli,' who have shown that 
when purified water gas is passed over nickel at 2iH)"-;5l)0® (,' the 
jtrcdoiiiiiiatiiig rcaetion is 2('() i 21l_; ^t'O^ i (.11^ Tlie reaction is 
regarded as the sum of two reaitnnis 

rOi fJ^O-CO^HI^. 

Ctl, 1 211, I 2H,-('11,1-2140, 

the former of whhh is regarded as oeeurnng in tlie same manner as the 
reaction in presence of i-op[)er previously studied hv them,- namelv, via 
formic aeid.CO-t 11,(t ->!l('OOn ->II, tOO, With eohait the re¬ 
action commences at a lower temperature, IH(t ' , but I he above reaction 

IS subsnliary to the mam methanatioii process, CO i ,‘(11, -Cilj i 11,0 
Sliver IS iiieri, iron almost so, platiniiiii and palladium of minor activity 
Mixed catalysts wcr<‘ less eliieieiit than the single cafalvsl With nickel 
at inereasing pressures up to ii atnmsplieri's the mmimiini IcmpiTatiire 
of interaction rises The re.iciioti \ieldmg earbnii dioNide and meihaiie 
|)rodiU’Cs more mi'tlianc from water gas than any of the other reactions 
It may, therefoii', have value as a means of iiiereasing merhaiie > oiiteiit 
or !ow(‘ring earlion iiuuioMde content of town's gas The authors 
state that ('<4 + 11, goes directly to mclltane mid gives no carbon 
monoxide, so that partial reduction is apparently not faking ]>lae(' 
This IS at variance with some ot»servations made in tlie lalioratorics 
of the Munitions Inventions Department ni iOigland, (lining the war, 
where miUliaiic ])re[)are(( from carbon dioxide and livdrogen contained 
n small jiercentuge of carlxm monox'ide 

In contrast to the conclusions of Medstortli ciled above Armstrong 
and Hdditcli ^ concliidc. with regard to (lie " promotion ' of a straight 
liydrogenation process, the simple addition of hydrogen at an un- 
satiiralcd liiikagi', in presence of nickel, ahimma, silica, oxides of iron 
am! magnesium being employed as jiromotcrs. that the stimulation 
observerl can lx* satisfactorily explained on the bases of nicrca.sed 
available catalytic surface of the nickel There is some evidence of 
the removal or adsorption of catalyst ]U)isons (sulphates in the pre¬ 
cipitated oxides, or truces of impiintios in the oil hydrogenated); 

' Pm Ki^v 103a, 25 ’ /W So,/ Sne . 1920, »7a. 2W 

5 I'm % S,K , 1112;!. 103a, 586 
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.but tlioHi* a|)}H'Hr as minor influonoos com}mro(l to the etToot on the 
extent of surface of nickel jiroduced. They have been able to make 
an appreciably less amount of reductMl mckel elfect the siime amount 
of action whatever the ext«*nt of tlic catalyst in alumina or other 
" promoting ' oxide. 

Armstrong and Hilditeh * showed that the jiresenoe 4tf sodium 
carbonate ctTeciively promotes tlie hydrogenation of phenol at mekel 
surfaces. About 2'> per cent by weight of niek*'l appears to give 
the maximum etTeet In tin* presenc** of earbonale the reaction rate 
is more nearly linear titan in tlie abseiiet* of the earbonate. This 
faetor .sugge-^ts that the function of the promoter is a pn*tectivc one 
to the catalyst, keeping it free of inhibiting impnritn‘s. 

(hiilnliou iHon-KsiK Kor tin* role of ccria in promoting the 
reaction betwe^’n gaso in ceria-th<iria catalysetl combustions, Swan 
((Uii ludes - that there are at least two po>aib)e explanations : 

(1) 'riie ceria lieliaves tis an oxygen carrier during the combustion 
of the gases. 

(2) The ceria, bv increasing the t‘lectnui cmisaion of tin* tlioria, 
causes a greater ioni>ation oi the gases and mon* ellicient comliinatiim. 

This lattiT «‘Xp].Illation couhl be evperinwnlally tested. 

Adsorption and the mechanism o! promoter action. In a researcli 
on the atonii<' weiglits of cdball and nnkel. Baxter iii\esfigatc<i •'* the 
(iccliision ol hydrogen bv the reduced metals and reaidied conclusions 
wliicli are of furnlameutal inipt)rtance in the .study of catalytic action 
in general and pnunotcr action m particular fhivier fmind that 
tin* tiuelv <li\ide<l inelab <ibtanied b\ n*<liic1io?i of the oxidi's in 
hvdrogi-n ga> occlud<Mi relatively largi- ann*unt.‘< <if the gas. lie found 
tliat the \olunie of occluded liy(lr(>gen varies, in the case of the metal 
ledui'cd from the oxnlc. witli its juiritv and tin- temperature of 
rediu'tion The latter fact is of signilicamc in the geiuTal problem of 
adsorfition ami catalysis, and, as sucli. has alreaily been r|j.scuss(*<l in 
a [irecciling chapter. Tlie former fad. tin- influence of impurities, 
lias a marked bearing on tin- problem of the niecbam^n of promoter 
action. Baxter found that ordinary “ chemically pure “ oxi<le yielded 
a metal on reduction which occluded very consahuably nion* hydrogen 
than oxide which may be ile.signated of '‘atomic weight purity 
Having traced the co-onlination between extent of surface and 
occluding power Baxter concludes that wlu-n iinjuirities, for example, 
silica, are pre.sent in the oxide, tin- resulting metal is less compact 
than that olitaiiied liy identical treatimuit from the atomic weight 
purity oxide. In other weirds, a pure metal sinters more readily 
than a metal obtained by reduction of an oxide containing certain 
impuntie.s. The fact tliat it is extent of surface which counts, cobalt 
ing(*ts being known to occlude practically no hydrogen, makes it 

• rnr. Huif. .Soc., 111:.*;’. 102.A. 21 ^ < hat. XVy;, 11124, 126. 784. 

* Anier. i'han. ISIW, 22, .^>1. 
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certain that the phenomenon designated by Baxter as occlusion is., 
for the most part, what is now known as surface adsorption of the- 
gas. A further feet of significance was Baxter’s observation that ' 
the metal obtained by reduction of cobalt bromide occluded practically 
no hydrogen, and the presence of sodium bromide had no influence 
on the amount occluded. In other word.n, not all imjnirities pre.Hcnt 
in the substance undergoing reduction are eflectivc in promoting 
extension of metal surface 

Applied to the problem of the raecliainsm of promoter action, the 
experimental observations of Baxter obtained for quite different 
purposes may bo summarised thus (1) The presence of impurities 
in the materials from which catalytic metals are picparcd may increase 
considerably tlic e.xtent of adsorlung surface and, tlierefore, in agree¬ 
ment with earlier observations in a preceding (lia])ter, may increase 
catalytic activity of the reduced metal, (2} certain impurities, for 
example, siliea, arc much more efficient than otliers, for example, 
sodium bromide, in producing extended surface. In these two 
observations we have two factors fundamental to the i>r(ibiem of 
promoter action, actual increase, by an added promoter, of the catalyst 
surface and specificitv of promoting agent, the .sjieeilicity being 
associated with the influence of the added agent on extent and nature 
of surface Biicli studies must lie multiplied by tlie student of catalvsis 
with ileliberate rather than accidental inclusions in I he materials studied 
Two such oases have already been stu<lio<i, one by liiirst and 
Kideai,^ on adsorption of carbon monoxide and hydrogen, the other 
by Taylor and Bussell * In the latter work, moa.surements of adsorption 
by nickel olitained by reduction of the oxule, and of mekel-lhona from 
the oxide containing thona as a promoter, have been made Ail- 
sorptions of hydrogen and carbon dioxide were measured, since tlic 
researches of Medsfortli already cited showed that the reactivity of 
those gases was much enhanced by the use of a nickel mitaiyst [uomoted 
by thona Tiie experimental work siiows that no |iro[iortioiiatc in¬ 
crease in adsorption accompanies the activity shown by the promoted 
catalyst The surface luis therefore undergone a qualitative rather than 
a quantitative change Whcrea.s tlic proiiiolcd cataly.^t effects a ten¬ 
fold increase ill velocity over flic iioii-prnmok'd ciifaly.st,tiie extension 
of surface, as measured by ad.sorption of cither tlie carbon dioxide or 
the hydrogen at reaction temperature, only undergoes a 20 per cent 
increase Tins is in harmony with the view of a composite catalyst 
surface with localised active centres Even if it be assumed that the 
whole of the nickel .surface capable of adsorbing hydrogen were 
eatalytically active in the case of the promoted <‘atalyst, it would 
follow that not more than 10-12 per cent of the surface of the unpro- 
noted estaly.st surface adsorbing hydrogen would have any catalytic 

‘ J Chon. Soc, im, m, 6M-7I)6 
* DutrrMtofi, iVinuftoa, 10:14, J Phyi Chtm , 193a, 39, 1322 
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,activity. Hurst and Rideal’s results arc discussed in the succeeding 
section. 

One function of promoter action was sup);ested in the previous 
edition of this book (p. 31), in reference to the u.so of mi.xed catalysts 
for ammonia synthesis. It led to the conclusion that the original 
iron tended to adsorb or form a loose compound with a greater pro¬ 
portion of hydrogen to nitrogen than required by th<‘ stoichiometric 
ratio. The admi.xcd cat-alysts, lieing in the main nitride-forming 
metals, for e.xample molybdenum, would promote a more favourable 
hydrogen-nitrogen ratio, llancroft e.xtended this idea,* suggesting 
that tlie catalytic agent activates one constituent of the reaction 
chieliy and tliat the promoter activates the otlier. Some measure 
of activation wdl be necessary before siicli a conclusion can be e.\- 
perimentally te.sted. K.xperimeutal work on ammonia synthesis 
catulyst.s lia.s not confirmed this jioint of view, tints sinqily outlined, 
but there is .stdl no proved theory of meehanism in the ammonia 
syntliesi.s reaction. 

Interface phenomena and the mechanism of promcjter action. ~ 

There are manyjilaeos in tlie chemical literature wdnch exemplify the 
statement that the molecules at the tioundary lietv.eeii two phases 
are in a peculiarly labile or active' state. Faraday observed that a 
perfect crystal of sodium carbonate or sodium sul|iliiite refuses to 
elliore.see until the surface is scratched or broki'ii. ffe also observed 
that the elllore.seeiiee s|ireiids from the injured jilace. Cry.stals of 
hydrated ciidimum sul|duite show tins behaviour remarkably well. 
They are reaildy iditairu'il in large and perfect form, which maintain a 
coiiistant weight m u desiccated sjiace until a boundary between a 
byilrated and a debydrated phase is established. Langmuir ^ has 
shown that, in the disaoeiation of ealcinin earlioi.ute by beat, the carbon 
dio.xiile i.s produced only at the boundary between the eiirbonnte and 
oxide (iba.se,s The dis.soeiation of .silver oxule into its elementary 
eonstitnents. studied by (!. N. Lewis.^is a jiiirallel ease, l-ewis observing 
that the rate of dissociation increa,sed with iiicrea.sing production of 
silver. Silver was termed the autoeatalysl of the reaction. Rc- 
aetions of this ty[)e occurring at an interface, are, nece8.sarily characterised 
by an auto-accelerated reaction rate, since, initially, there, is little or no 
iiiterfaec at which reaction can occur, and, with increasing reaction, 
an ever increasing region of interface is jirodneed. The diflenmt 
nature of the dissociation process when such interfaces are not set up 
is well illustrated in the case of mercuric oxide dissociation studied by 
Hnlett and G. B. Taylor.* In this case, at tem|)eratures where dissocia¬ 
tion becomes marked, the mercury formed is also vaporised. No 
interface results and, so, no acceleration of the dissociation is obtained. 

. • S’trV Sfforit Comtniltet on Coninol Calatyns, p. 16, 1922. 

• J. Amrr. Chm. Soe.. 1916, SS, 2263. ’ ZatKA. fhynikal. Chtm., 190S, 82. 310. 

• V. PkunaA Vhm., 1013,17. 367. 
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As u result, jiassaKe of nitroj'on gas for twenty-four hours over pure 
mercuric oxule at C gave concentrations of oxygen corresponding 
to only a few millimetres pressure, whereas the true et^uilibnum pressure 
at that temperature was upwards of one atmosphere Wlien interfaces 
were jtrodueisi by the addition of foreign substances, iron oxide, 
manganese, dioxide, ami platinum, true e(]inlibriiun pressures were at 
once established, measurahh' both stutieally and dynaimeally Tlie 
researches of Kendall and Fuchs ^ on the aeeelerate<t decomposition of 
Sliver oxide, imTcuric oxid(‘, and liarnim peroxide in pn'Senee of other 
oxides is also illustrative of the elleet produced hy the deliberate 
creation of interfaces 

In a determiiialion of the dis'iocialion pressure of sodium bi¬ 
carbonate, Lescduir oliserveii - that ibe devi'lopiiieiit of pressure 
occurs “slowly at lirsl, tben more fpiiekly hjw.'inU liie end It has 
seemed to iiK', moreover, that tie* final (‘i|iulibriiiiri was (ibtameil more 
rapidly the more the ])roportinii of dissoeiated salt mereased “ These 
ohservatioiiH are again (diara('r<'risti( <]f interface phenomena and are 
recognised m the te<’timi|Ue of dissociation pressure me.isuremeiit.s 
A mixtuie of rliHsoeialing substiinee ami pnidncf is nurmallv introduced 
into the aiiparatus m winch such measurements are made 

More recently, furtln’r evidenei' of interface pliennnien.L in eheniieal 
(leeompositiinis is revealeri by additional reaction xelocitv curves 
autoeatulytie in nature Sievmts ami Tlieljeralli * studierl the dissm la- 
tion of siKer [iiTmangamile and obt.iined siieh a reaction i)roces,s 
Small amounts of impiintieH mereased the seloeitv of decomposition 
Hinslielwood thereupon promptly called Sieviwls'n afteiitioii to Ins orm 
work* upon both imngaine and orgaiuc eom[iounds, some eases of 
wlneli are interface jihemnneiia 

Otto and tliouglit that their results showed the deromposition 
of potassHim ehlorute to lie a iiniinnieeiiiar process Any one can see 
that they are in realitv a beaulifui example of an auto-aeeelernted 
process Iron oxnie promotes the decomposition Recently’’ they 
have shown that potassium dilonde doe.s the same tiling The pre¬ 
sumption is therefore strong that the process is an interface [diemmienon 
Neville has added ^ to this reaction an interesting eas(‘ of promoter 
action Impure pyrolusite was more ellcetive than pure manganese 
dioxnle The pyrolusite oontaiiied 8 per cent iron oxide A mixture 
of 8 per cent iron oxido and tt2 per cent pure mniiganese ilioxide had 
the same efficiency aa the impure [lyruliisite The action of tli<' mixture 
was more than additive of the (‘tfeets of the two oxides separately, 
lierice the promoter action, elueidafioii of the mechanism of whicit 
was not aeliieved It will probably be quite cumpiex. 

■ J .(i)ifr am U . lilJl,43.-20i; • .!«» Chm Vhj^. iKSi, 26, 430 

■' 7.r>uh. phi-M Chm . 11132. IM. 4^1 

‘ I'M .V.«sr i l‘).Hi. 40, r>6!}. Pm Roy XV , lii.’l, Mi. 2o3. J chm Sor. 11)21,118.721, 
‘ J. .Impf f’ftpm Soc . I1I23. 46. 1134 * J Amtr Chtm .S'« . 1921 48. 20'l 

’ J A>m Chm Soe. 1923.46.2330 



PROMOTERS 


lit 


P 

Proof that the enhanced reactivity at an Interface was not confined 
‘to decomposition processes, hut occurred in reactions between solids 
ind gases, was forthcoming in a study by Pease and Taylor ^ of the 
'xeduction of ct)pper oxide at moderately low temperatures by hydrogen. 
It was shown that low temperature reduction of copj)er oxide granules 
by hydrogen was negligiljle untd copper nuclei had bo<'n established 
in the oxide mass. Sul)se<|uent reaction is then localise<l at the 
ooumlaries between the copper ami cojiper oxide, as can be (ieinonstrafed 
visually by the 4‘ver increasing area <»f the red copper extending outwards 
"froni the origimd nuclei. The form of the curve of reactnm rate is 
typical of an autocatalytic proces.'<. It evidci>ily (inds its exj»lanalh)n 
in the highiT «)rder of reactiMty of an (►xidi- ion adjacent to a neutral 
atom of copper over that an oxnie ion surrounded on all shies by a 
copper oxhle latti<-e. Jones and Taylor - sinoved further that the low 
ti'inperatun* reduction of copper oxide by carbon nnuioxitle is also 
an intcrfa<'c jdienonienon Henton and Kminctt have recf-ntly shown ^ 
that meki-Ious <c\Hle reduction by hyilmgen of the interface ty]»e, 
wliih* reduction (*f h-rric oxid<‘. whicli is known to form .solid solutions 
witli the lo\v»‘r oxides, shows a reduction curve^wliich has muie of the 
criteria of the interface type. 

Kaiignmir^ has ]>ointed out that the livdrafion of a coinjJetely 
deh\drated vijhstance slioiihl sluoi the .same auto-aeeeleration. There 
seems to he (jiialitalne evidence (if tins in tin* dehydration of <‘lhyl 
aholiiil witli ■■ over-hiiriit *' lime In an expenineiit at room tempera¬ 
ture It uas found that. t<»r two days, the hinijis of lime reiiiHined intact 
in the alcohol On tin' third day a small amount of jaiwder apjieurcd 
aloiig.'-ide tlie lump< i)f iimc. while treatment l(ir an additional twenty- 
four luMir.s n-snlted in the ciunplete disintegration of the lime lumps 
Taylor not(‘d * tin* reduction of co)i]ier oxide hy i»oth hydrogen and 
carhon monoxnh* was very prononneedlv retarded hv the presenia' 
of oxygen in tin' redmdng gas. This is most readily uit(‘rpre(e<l on the 
assumption that adsorhe<l oxygen protects the inli-rface from attack 
by the reducing gas. Tin* adsorjition of oxygen hv copper and hy 
copper oxide is known to he small, so that it .seems necessary to assume 
increased atlsorptive cajmcity at an interface to account for the jirotec- 
live action oKserved. 

In a study of the acceleration produced hy the pre.sence of oxygen 
in the union of hydrogen and sulphur. Norn.sh and llideal® were led 
to formulate a mechanism for tin* accelerating action idiserved. The 
8urfac«‘ of the liquid sulphur was assumed to consist mainly of Sg 
molecuh's, of which a few* were opened and thus polarised. Adsorp¬ 
tion of the gases was assumed to occur at the ends of the ruptured 

' ■/ s<ic , Ift-M, 43, 217*.), k**)' uIh.) l.«n**)ii and Kmilh. ./. Jtinr Chem. .Soc., 

IM.'., «, :tt(l 

‘ .1 I'hf^iral rhrtii.. ID2.1. 27, Ii23. 

* J. A/«rr. rium. tix., 11118, 3S, 228,7. 

• J. Ckrm. Hx., 1923, 133, 1889. 
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molecule. A strong attraction of the oxygen for the sulphur at one 
end of the chain, causing a wealicning of the sulphur atom at the other 
end, would result in a more ready combination of such a sulphur atom' 
with hydrogen 

Hurst and Ridea) ^ applied the concejit of interface activity to 
the prohlcm of promoter action in processes of selective combustion. 
If a copper catalyst be pronioti'd with small quantities of palladium 
and the ratio carbon monoxide to hydrogen determined for a senes of 
such promoted catalysts, one of the following results may he anticipated. 
If the palladium causes no specific effect beyond a .surface extension, 
the ratio OO/Hj coiisimied will remain iinaitered , alternatively, if 
promoting action is m reality an additive i-tfect, then the ratio 

will decrease with increasing paiiadiuin concentration, and the ratio 
should lie cajiablc of accurate caleulatum from lioth the known ratios 
of CO/Hj for the copper and the ])ailadiuni each in the juire state and 
from the stoichiometric conipositioii of flu* nifulyst If, on the other 
hand, the addition of small quantities of palladium [)romotes the 
activity of the oxidised copper for carbon monoxide, we slioidd antici¬ 
pate a higher ('O/Ifj i^tio for small additions of palladium, ri.smg to a 
maximum with Hiibse<(ijent iii(Teu.s'‘ in the ]iii)laduiin concentration, 
and fiiiallv fulling to a (hl/ll^ ratio higher fliati fliat [or pure palladium 
at those concent rations where addition of < o[i])er [iroinof es the [lalladium 

Hurst iiTul Rideal found that small quantities of palladium, up to 
1 70 per cent, increase tlie ratio of CO H.^ Iniint at aiiv [laiticiiJar 
temperature in pro.S(‘nce of a cofiper catalvst \ inaximum occiira 
on the adilition of ()'2U p<‘r cent A promoted latalyst conl.iinmg 
1-70 per cent of palladium yields the same 'ratio as jnire copper 
Catalysts containing more than I'70 per cent ]iaiiadiuin }U‘ld a lower 
CO/Hj ratio than copper, Imt higher than palladium Tins increase 
in the ratio of (’O/H^ burnt on addition of small amollllt^ of palladjum 
IS contrary to that which would be e-epceted, us outlined m the ]ire- 
ceding paragraph, either on tiie Imsis of extension of .surface or the 
dilution of tile catalyst surface with palladium The reault obtaiimd 
18 to he anticipated, however, if tlic n'.u'liMtv of tin' oxidised coppe 
at junctions such as Cu Pd is affected 

To elucidate further the merhamsiii of the promoter aetion, Huns 
and Rideal ^ studied the adsorption of hydrogen and carbon moiio.xidi 
singly and m various mixtures on copper, palladium, and promotei 
catalysts They conclude that the addition of palladium to coppe. 
produces an inereasc in the carbon monoxide adsorption and a decreast 
tn the hydrogen adsorption, as well ns a relative increase in the carboi 
monoxide of the adsorbed phase m the presence of both gases Tin 
relative increase in the adsorjitum of earbon monoxide was found 
m be in good agreement with the relative increase in the ratio CO/Hj 
'onsumed in the catalytic combustion process The specificity ol 

' J Vkm See., 1924,136, 685. * J Cktn. Hoc, 1924. 186, 694 
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Hie effect on adsorption produced by the palladium promoter is further 
Ividence tlmt the promoter action is tint merely <lu(‘ to .surface I'xtension 
but involves the furtlier factor of the nature of the interface between 
jbatalyst and jironuiter. 

; Promoter action and concentration.- It may lie atiticipated that 
piucli u.sefiil information with regard to the iiiechani.'^m of promoter 
(action and to the natun* of catalyst surfaces will result from a knowledge 
of the ndationshij) between extent of pnmioter action and the con¬ 
centration of promoter used As yet, the ({uaiititative evidence 
accumulatrd on this piunt very meagre. Most of the slateiuent.s 
fconceniing (iromot«*r action by add<‘d .suhstances have no information 
rwhich would indicate what the optimum (‘oncentratKm of [ironioter is 
for the given reaction. 

The most comprehensive <1ata on tins pjiint are contained in the 
contribution of Medsforth ^ alnauly discussed Medsfortli studied 
the efli<'n-nrv of promoter action m the .syntbe.sis of methane from 
carbon numoxnle ami hy<lr<»gen witfi iiiel«‘l and nickel-])fonioted 
catalysts sprea<{ on jaimii'e su)>port. by aseerlaimng the maximum 
speed of gas passage over a given (jiiantity of catalyst at wdiich a 
given degree of conviTsion could be achieved With luckel catalysts 
alone on ('Umi(<- the desired eonversion was achieved at a speed of 
32-.T’> ee per minute. In (h(‘ follouing table are recorded the sjieeds 
with whieli the same conversion is attained with varimis jiromoted 
nickel (at,d\>ts at \arious coiicenl rat ions of promoter in tin* nickel 
■ catalyst 

Medsfortli concludes that the tabulated results v)iow lu) relationship 
between the molecular w<‘ight «)f a )>ronMtfer ami its optimum c<ui- 
centration Sdiue slight tendenev. lu‘We\’er. <an lie ob,‘^er\’ed. Witli 
beryllium oxide the optimum (•oncentration is around 20 per cent. 
With alumina thi> occurs at lb per cent .Me<lsforth calls jiurticular 
attrition to the jlatness of the curve (d speed agiiinst jiromoter cou- 
ceutnition onc(* the ()ptimunt concentration has been }>asse<|. Tims, 
in tin* case of ceria, the range from d to l.b per cent promoter .shows 
no variation in permissible s]M-e(l <if gas pas.sage greater than the 
experiimnital error, although the |)roimder «oncentration varies live- 
fold In diacii.ssing thi.s feature. Medsforth distingui.shcs two ca.seH, 
the one in which catalyst and [iromoter are deposileil on a support, 
uniform distribution being as.siimod. tin* other in which tin* catalyst 
is depo.siled on the promoter. 

As an e.xamjde of the former. Med.sforth discusses a ni<‘kel-thoria 
catalyst, with an optimum jiromoter eonceiitralion amounting to 
10-12 j)er cent Ni by weight. From tlie relative weights of nickel 
and thoria. it i.s calculable that at the oplimnm concentration the 
durface of the promoter is approximately one-fortieth of the catalvst. 
An additional 1 jier cent of thoria only increases the jiromoter surface 
' J. Chtta. Soe., 102,1, J23. 
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an additional one-four-hundredth With thoria present equal in 
weight to tiie weight of nickel the promoter surface is only one-fourth 
to onc-fi/th of the total Honec, it may bo concluded that around the 
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optunuiii ('(uioeiifrution )iiark('d clmiigeM m velneifv witli iliaiige in 
noncojitralioi) of |mimf>(('r would not lie exjieeied ^fed-iforth's data 
I’otiform to (Ins eoueliisuui 

In the ease of ,i eatalyst deposift-d on a promoter the conditions 
arc difteient If it he ussumed that fi grms of thoria can take up 
on its surface 0 I grin of nickel, the eutulyst coneeritrafiou la 2 per 
cent A deereiiw' in (Ins concentratiun from 2 (o I S per cent means 
a eliaiige in surface of 10 per cent, so that when the catalyst is deposited 
at the surface of the promoter small changes iti eoncentration of jiro- 
moter [iroduce iiiipodant alterations iii reaction veiocitv Hurst and 
Rideul's ^ case of coiqier promoted hv jialladium la m this latter 
category They found an optimum promoter eftect at 0 2 per cent 
inilladnim At a conccntralion of 1-7 jier cent palladium, the catalytic 
a( tivity liad fallen to that of the unproniotod copper catalyst 

The aurface conditions in promoted catalysts arc obviously coiuplex- 
A very considerable nicrease in the ninnber of cases studied is mud 
to he desirrti Not only should the reactivity of the promoted catalyai 
he studied, but determinations of adsorptioim on the same saiuplei 
us are used for the aotivity testa should also be made. The adsorptioni 
• J Vhm SiK. lO-Ji, las, css 
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jb^otihi reveal more readily the changes in the surface conditions. 
pSijupliiication of the jjroblein would be secured by eliminating all 
Isupjwrt materials in such ex])eriinents, since they introduce a new 
variable into an already complex problem. Hurst and Rideal made 
■ one set of adsorption measurements on their promoted copj>er catalyst, 
which showed tin* variation in adsorption })reviou.sIy recorded. It is 
to be regretted that similar measurements on the whole Heri<‘8 of 
prt)moted catalysts wen* not made. If the adsorption measurements 
wen* coii[>h'd with measurements of heat of adsorption, some data 
on the problem of activation by promott'rs might also he secured. 

The really intere.sting problem which the study of promoter action 
in Its relation to concentration .suggests i.s the reason why such miiiuto 
anionnts of jmmioter etbrt .such marked changes in activity. Thus, 
in the case studied by Medsforth a <*»ncentration of tt*r> per cent ccria 
in the nickel catalyst causes a ti'iifobl increa.se in nwictioti rate. 
.Vssuming uniform di.strihutioii of promoter in the catalyst, this 
represents one tnolecuh* of ei'ria in every J l.'W) atom.s (»f eojijmr in the 
eaialvat surface Thi.s minute cliange in .surface concentration bring.s 
ab(mt a tenfold increase in catalyticr activity. This strongly suggests 
that, of the atom.s in the surface of a catalyst, very few indeed pos-sess 
innrkf'd catalyth- activity Armstrong and Hilditch,^ di.sctissing the 
small aiiKuint of toxic material necessary for total suj)pres.sioii of 
catalvtic activity, conclude that if is probabh* that an active catalyst 
is merely an average term e.xpres.sing u surfaee on which a numlHir 
of patches of maximum activity occur, the greater jmrt of the surface 
being of perhaps a <]Uite low order of activity. This opinion, based 
u}»oii a stmly of poisons, is ut one with the viow put forward here with 
re.spect to the mechanism of promoter elleet in minute <'onceiltrations. 

In Chapter VI., in the discus.sion of poi.sons, the (jiianfitative evidence 
for this point of view will be detailed.^ 

The mechauum of co-actiratiOD. -Conclusions [laralle] to those 
just recorded a.s to the mechanism of promotion in hydrogi-naiion 
processes liave been readied by several workers in r(‘8pcet to the 
mecham.sm of co-activation found in the use of mixed oxide cataly.sts 
in oxidation proce.s.ses. Extent of adsorption, the nature of the • 
adsorbed gasCvS, enhanced activity at interfaces, the removal of im¬ 
purities by the added agent, and the inriuence of the admixed Rubstanco 
on the rates of .several component reactions of the process are all cited 
in the succeeding paragraphs. 

Rray and Almquist* attribute the activity of a mixture of two 
oxides to an increase in the rate of de.soqition of reaction products, 


* Troiw. Kama. Soe., 1U22. 17, 670 

' * For A (JplAitod (lificuwou of tlio fioiicopt <if a compoiiiU- caUlylic surfAr«> with iHolaU-d 
of Ijiah aohrily sc* Ritleal. (JonHil Solray. April 1926: Taylor. f<nirth Heporl, Cow* 
mittff. OH (‘nniact Calaly»v>, J. Pkjfs. Chem., 1926. AW Proe. Hoy. <S’oc., 1926. 108 a, 105. 

* J. Amer. Cheot. Hoc., 1923. 46. 2305. 
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or uii mcroaft*- in tln> rato <»f icacrion within tin' him, <!u<‘ to what may 
1)(“ (oiiHnlcroi! a j)artial (In'niica! reaction lidwccti {in' two oxnlc-h, a 
m-utralmtioii of lln' valiOHc forces of eudi other 

WhitHcll mill Frazer ^ conclude that mmiirariese ilioxnle is tiio initial 
cause of oMiliitioii Ht low terniieratnres in IIo|i(alite mixtures The 
oxidation |iroe.'SH muy lie eafahtie or occur at the exjiethe of the oxide 
oxy^'eri Tlic' juirer tlu' ciif.ilyst, that is, the freer from ailsorhed [lotash, 
tlie more rii[iidlv was it able to t.ike iiji oxveen last eiioiij;li to make 
the iirocesH eatalytic Tins jioinis to a meeliaiii'-m of alternate oxida¬ 
tion and reduction Too .strong leiiiticm cif ihc ]ire]mratnins, even 
thoiiirli iilkali-fiee, }iii\e a dense [irodm I reseinhlnii; natural niani'anese 
dioxide mid enlireiv inactive Wlnfsell and Frazer also incline lo the 
view that the eu[ine c)\ide m ,i mixture miiv c uf clown adsorhed alkali 
or allcefs tile way it is held, so [hat its jioisonoiis eflert is annulled 
They note that [Hire rnaiietuiese dioxide ancl nii.xtiires of tins with 
roji|)er oxide lose oxxjjeii to the air at room tem[ie(alureH. .iiid lliat 
the aefivitv hecaiise of ihis is ereatly increased hx ific fineness of 
division of till' jiartic'ies 

Hi'iiloii- atlaeked tlie jirohleiii id io-ai (nation h\ .stiidxiuir ad- 
sor|itioiis of rarlioi) moiioxide (and lixdioeeii) In xaiioiis oxides and 
mixtliri'S He c'liiicltides that there ate two t\|ies of adsor|itiiin, a 
[iriinarv, s[M‘cifii' adsorjition. cliemual in nature, and a si.(oiid.irv, 
[ihysical, or pore adsorption 11\ roinparisou of (he adsorptions cd 
oxxeeti, Ciirlioii iiionoxide, and carlmii dioxide he dediiies tlie relatixe 
niaumtiidea of pninarx' adsorption of the mnnoxide on xarmiis uxidm 
and mixtures, mid shows tliaf tlie order of such adsorption is the onh'r 
of their eutalytie lU'lixilx in oxidation pioresses Ifi (oneluih's, 
tlierelorc. Iliat pniniirx’ ndsoijitioii of larlion moiioMile is ihe lu^t 
stuKc 111 the ciitivlxtU' [iroci'ss. and is followed hv desorption of caihon 
dioxide Ik'iitoii sliows timt tliere is no [laralleltsm between sec oiidary 
ailsorptmiis mid eiitalxtie iietivitv, and that, therefore il lol.il ad- 
surptioiis nienanred inelilde both jtnmiirv and seeondaix' .idsorptions 
sueli total ad8or)itiriii mav ;;i\e no eliie at nil with res['e(t to eaf.dvtic 
activity He coiieiudes that, on siiiea mu! ehurio.il adsorfitions ,ire 
largely physical or socinidiirv. xxitli eous|iieuoiis exceptions m tlie ease 
of eliarcoal with the gases oxvgen and chlorine 

PllOMOTKR Ac'lio.s AM) (’()-A»'TIVATiON I.X lll)M()(,l..NKol S 
(’ai'aiatii’ Hkactions 

The outstanding example of [iromoter action in liomoeeneous 
systems is the well-known neutral salt effect in reactioiiR catalysed by 
the hydrogen ions of strong acids 'I'tie inversion of caiie sugar, the 
hydrolysis exf esters, the deliydration of h\ droxy acids to form lactones, 
keto-enol taiitoinensm, and other roactnnis i:atalyt!cally accelerated 


J. .Ifflff CAfiw .S'lv. 46, L'«4S 
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by tht' use of strong acids, all provide this interesting cas(‘ of promoted 
catalysis. If, in addition to a strong acid, a neutral salt of that arid 
^ a«lded t») the reaction mixture, it is found that the velocity of reaction 
is increased. As the neutral salt alone has no appreeiahh* catalytic 
effett, the case is one of smi])le activation or jjromoter action rather 
than of co-activation. It is lu-yond the s(“oj)e of this section to iletail 
all the work which has been accomplished or tlie varied views which 
have bet'll put forwanl to ex]»lain this phenomenon. They will be 
separatelv treated in sub.si'tjuent .sections of the Imtik. It is desirable, 
however, to jioint out lu're that tlie many attempts which have been 
matle to aci-ount for the phenomena all have this in common, that 
thev attempt to acctmnt for the observed acceleration by as.sumptions, 
for which t‘X]>eriinental evitlence is also sought, as to the concentration 
of either the eatalvsl on the reacting speeie.s or both. .\nd the belief 
is common to all the jn\estigarors c«meerne<} tliat. when these several 
factors shall have Ih'j-m .siiceessfully stated, tiie (tbserved acceleration 
Will be found to be con.soiianl with the ordinary laws ol reaction 
kinelu's. Tins attitude of nund might well be adoptisl liy workers in 
all br.m<*lies of the study, not only of promoter action but also of 
eatal)>is generally 

Prii'c ‘ .studied very thoroughly tin* interaction of jiotuHsium per- 
.sulphate and potassium nubde, 

i 2KI= j U. 

ami the mlluenc<' of cafal\,''ts on the .same. He found that ferrous 
suijih.it<' was a good catalyst, copper sulphat<‘ less elliciciit. Iloth 
the.se catalysts accelerated n*action in jirojiortion to their concentra¬ 
tions in the reaction mixture, but the effect of the two .salts t<>getlier 
was more than additive, The accelerations oli.serveil always ex<'eeded 
those calculated on the a.ssuinjition that the individual activities 
Were additive. .Mangane.si' and zinc sulphate.s, wliieh are themselves 
only .slightly active, gave additive results when mixed with copper 
.sulphate. With ferrous sulphate, ou tlie eontrary. the (d)served 
acceleration was le.ss than the eakiilated re,suit. Trice was unable to 
give a reason for the cutaly.sis observed or for the eo-activation. 

1he oxidation of hvdriodie acid liy hydrogen peroxide in [iresence 
of inm and copper .salts was studied quantitatively by Brodc.* He 
showed that ferrous sulphate w'a.s a vitv good rutalyst, cojiper sulphate 
a poor accelerant. When together, howev«‘r, one mol of cojipcr .sulphate 
in lOtUXK) litres was reailily manifest. This joint action of the two 
salt.s had previou.sly been emjfloyed by Traiibe ^ in testing for hydrogen 
j>eroxide in the presence of acida by means of starch-potassium iodide. 
The iron-copper salt mixture is active in concentrated acid solutions, 
whereas in such solutions iron salts alone are inactive. Ncdther iron 

* Zii/Jti ftAyfiiit/ ('hem . 1S'J3. 27. 474. * Zuluch. phy$tixU, Ckrm., 1901, 37. 257. 

3 Ber., JIW4. 17. 1062. 
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nor copper sulphates increased the catalytic activity of molyhdic or 
tungstic acid wlioii used as an additional catalyst in the reaction. 
Molybdic and (iingHtie acids also behaved additivcly when used together 
Bohiison and Kobertson ^ have made a very thorough .study of 
the meoliaiiisni of this activation of iron salts by copjier salts in the 
decomposition of acid .solutions of hydrogen pero'cide They find 
that for a given concentratton of iron salt, cither sulpliate or chloride, 
there is a maxiniutn rate of reaction with about one milliniol of added 
copper .salt per litre This maximum elective eoncentration of topper 
aj)pear.s to be independent of the conceiitrution of iron salt Tlie 
extent of promotion (measuretl by the, promotion factor winch is the 
ratio of the maximum rate to the normal rate for iron uloiie) i.s in¬ 
dependent of the acid concentration and temperatufc The extent 
of promotion is much greater for ferric sulphate tJiaii for ferric chloride, 
although the maximum rati' olitamed iii each case is flic same The 
jiromotioii factors for the two systems ap|iroach each oflu-r as tlie 
concentration of iron a[iproHche8 zero 

As to the mechamsni of the promoter action Bolmsou and Robertson 
conclude that the facts an* best explained thus (o) the inm salt is the 
primary catalyst by virtue of its ability to form <tu intermediate 
compound, probably JI^ReO,, (I/) the topper salt is a secondary 
catalyst accelerating both the formation and stibseijueiit dceornposition 
of tlie intermediate jirodiict The eifeet of the secoiidarv tatalvst is 
dependent upon its I'oncentration only for very sm<d! quantities, a 
maximum effective coiicentralion heing noted The niecliamsm of tlie 
secondary catalysis lias not been explained That the .suggested 
secondary aetiiin is real is dediiceil from the following experiment 
Two equal portions of a solution of barium ferrate in acetic aenl were 
allowed to react with equal quantities of hydrogen peroxide To um 
of the samples a very little copper acetate was added The o.xygci 
was evolved much more rajndly m thus than in the one to which nc 
copper salt was added, ft may be observed that the effcit i.s peculiai 
to cojipcr compounds, since nickel, cadmium, mercury, lianum, leail 
cobalt, zme, tin, and magnesium salts appear to retard tlie reactioi, 
in presence of iron salts In sulphate sy.'iteiiis, silver appears to have 
a slight accelerating etiect This singular heha\iour of co[ipcr is 
probably significant m the solution of the problem of the secondary 
catalysis, 

Breibg and Brown ^ liave found tliat in the catalytic axidatioii of 
anihtu' by sulphuric acid, according to the equation 


(CgHjNHjIjSO, + 28H,804 + 2880^ +12002 + .fHjO, 

copper sulphate and md^curous sulphates arc together more active 
than their separate catalytic activities would suggest Brcdig and 


J Amr. Ckm. Soe, 1929. M. 2512 
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iJrown consider that a reciprocal oxidation and reduction of copper 
and mercury may be the cause of the unusual result^^. Only one series 
of data is given in the research. Hence, it is not possible to say 
whether either one of the two is particularly suseej)tible to activation 
or what relation holds f)etween the acreleration noted and the pro¬ 
portion of salts present. Further work is needed t-o elucidate these 
points. The mechanism suggest<‘d by the above equation seems also 
to be impossibly complex, although Bredig and Brown s^iy that the 
equation quantitatively represents the course of events in very dilute 
aniline solutions. 


S r ITORT E D ( U TAI.Y S'l'S 

The form of the catalyst. - In contact catalysis, the form of the 
catalytic agent is of considerable importance. 1’lie striking feature 
common to most of the contact catalysts is their ]K)rous or finely 
divided structure Indeed, this .structure may be regarded as 
characterising the sucoe.ssful contact agent. In s(‘veml cases the 
preliminury phase r)f activation of a catalyst is uecom))anied by a 
change from a massive form to a finely divided structure. Thu.s, 
the platinum gauze catalysts used in the oxidation of ammonia by 
air or oxygen at high teinperalurcs change from a smooth, jdnne- 
surfaced wire to a corrugated material. Similar changes in physical 
form are shown by silver gauze ^ when used fi>r tlie catalysis of 
hydrogen-o.xygim mixtures. The catalytic activity of cojjper wire 
can be greatly enhanced by sultinittmg it to alternate (jxidation and 
reduction of tlic oxide at successively lower tiunperafure.s. In this 
way cojiper catalysts can be .secured which will promote oxidation of 
carbon monoxide, admixed with air or oxygen, at a temperature of 
KK)'^ ('. Tlie copper wire suffers, in the jirocess, a physical change 
eimilar to that with platinum and silver. These several methods 
qf activation are, in reality, the production of sujiported catalysts. 
The wire core acts as a support material for tin* active, finely divided 
material produced on the surface by the pro(‘<*ss of activation. The 
mechanism of the activation^ is to be ascribed j»artially to the increase 
in surface area of cataly.st; that is, the adsorption per unit mass of 
catalyst is increased w'ith a resultant increase in reaction per unit 
mass in unit time. The activation, however, also results undoubtedly 
in a change of the nature of the adsorption per unit surface of area. 
The evidence previously cited, and confirmed in a later section in 
the discussion of poisons, that a catalyst surface is in reality a surface 
on w'hich a number of patches of maximum activity occur, the greater 
part of the surface being of low activity, when applied to this problem 
of activation of massive wire catalysts indicates that in the activation 
process the number of positions of maximum activity is markedly 

* Bone and Wheeler. 

* Bancroft, First Report, CommUee oa Contact Catalysis, 1922 ; Langinnir, Trans. Farad. 
Sac., 1922, 17, 607 ; Taylor. J. FranUtn IneL, 1922, 197, 1. 
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increftscd TIio diaonlerod arrungcincnt of motailic atoms produced 
in the activation process is more favourable to the existence of 
fiucli active paUlies than is the norimd trystaidattice arrangement of 
the, atoms in a sinootli-struiided wire Langmuir bi’licves that the 
activation proo'ss muv also operate favourably to catdiysis by 
changing llie iiormiii sjiating of tlie atoms to om* more favourable 
for the adsorption of tlie reacting gas molecules in sik h tonliguratioiis 
as arc conducivt! to interaction These several iiointH of view with 
respect to the inccluuiisrn of activation have only received the beginnings 
of experimental verification Full ex[ierinieiifal eoiilirinatioii is to bo 
desired 

In till- production of a<'tiv(‘ catalytic ageiifs the method of conduct 
of the process fnvjuetitly yielils a supporleil latalyst ailhoiit general 
ri'cognilKiu of the fact KcHht showed* that nickel oxide pei sc, 
when redtued at about .‘Klfl" (', gavi' a rnrjiler.ttelv ailive catalyst, 
but when reduee.1 at -irg)' il gave a jirodiicl of bul feeble activity 
Nickel oxide (i«‘[»osite(l upon kieselgulir and reduced at truT (’ gave 
a catalyst niticb more active than the metal catiil}st prepared at 
3(X)° (!. These (‘oneliisions were continiK'd liv Aruislroiig and Ililditeh,* 
who sliowed that a rcdiutioii at bigln'r teiii[ieralures gives Use to 
considerable sliriiikage m tlu' volume of ihe m-tal lutalysr Tins 
shnnknge and loss of calalytu, aclivifv is largely siipiircssed if the 
aotm* niatiTial is spread upon an iiu-it siipjaiit Tlu'se facts are 
appHrent from tlie data of the following talih- 
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III discussing these results, Ariiistioiig and Hihiitcli remark that 
“it lias fnajiieiitly been observed, with uiisu}i|)orted nickel oxide, 
that partially reduced oxide is more active tlian the same when 
completely reduced Since, as our bulk gravity figures show, there 
13 a tendency to contraction when a liglit, procipitatcii oxide is reduced, 
it is obvious that a partially reduced o.xido will consist of a film of 
nickel dispersed over the central core of each jiarticle, ami it is practically 
certain that the superior activity of this product over tiio fully reduced 

‘ B»r. 11110.49, 65, 1808 ‘ I'rtx Hvf Jp'ot. 1921. 96 a. 49(1. 
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metal is due to its being a ‘ suf)ported ’ catalyst (nickel distributed 
on nickel oxide) and llierefon' of the same type, although not of the 
same degree of activit5’. as nick«‘l upon a sujiport such us kiesclguhr.” 

The sujierionty of the catalyst spread upmi kieselguhr is to be 
attributed to tin* natun* and extent of distribution of the metal and 
to the fact that the support does not slirmk upon heating, its hulk 
determining, almost wholly, the hulk of the linal pnxliict. The support 
acts as an anchor i»» tlie metal depositeil upon it ami inhibits the 
.«<intenng or cr\>talhsation which occurs witli the uiisiipportixl catalyst. 
The iKTurrence of .sintering with th<‘ unsup]K»rted catalyst is readily 
seen from the data in tlie previous table at .'JlH) ('. ami otKl' C. for 
the reduction of tlie livdroxide, the appanuit volumes at the two 
temperatiin's liemg 0-S3 and O-hh respectively. This sintering occurs 
with most un''Upported catalysts not onlv at high reduction temperatures 
but aUo when cataly.sis prepared by reduction at low temjXTatiirca 
are subjected To successively liigher temperatures Tin* sintering is 
rouglily characterised liv the change m apparent volume. The change 
of adsorptive capacity of the sanijile is, however, a much more sensitive, 
criterion of the occurrence of sinlermg’ 'Pile extent to winch this 
occurs may he illii.^lratcd l>v tlie following figures - on iin.sujiported 
copper and nickel Ix-fore ami after a treatment following a nxiuction: 


Cat.ih't 


ll> .if 'I'rtMOiu-iil 


AilMiriilion of livilrout'ii I 
.il (I c iiixl 7t>() liiiii. I 


A. III ti\c Cu Nil heat- licvond rcilurhou of i)\nlc 3'7U c.c. 

I iitgOO (’. 

ft. A. Heated to trSl (' foi 1 fiouis j .. 

JTgni aetue Ni ; Olitiuncd In' reiliiriioti of nxidc at .H.'» „ 

0. .. (Heated at too for 1 lioiirs Iti 


Adsorptivi' capacity is also a good index of the (‘Xtemt of dj.s- 
trihution of the metal catalyst on a suitahh* siipjiort material, and 
also of the non-sensitivity of sucli a .sujiportcd calalyst to heat treatment. 
Gauger and Taylor*^ readily obtained adsorptiouH amounting to o e.c. 
per gram of nickel at and 700 mm. with fins catalyst sjiread 

on diatonute brick. The most highly adsorptive sample of un.supported 
nickel jirepared in the same manner .showed an adsorption of J'3 e.c. 
hydrogen per gram of nickel under the same circuin.stances. There 
is reason to believe that this sample w-as in reality a supported 
catalyst, namely, a jiartially reduced sample, nickel on a nickel oxide 
support. Furthermore, in contrast to the data on unsujiportod nickel 
catalysts cited in the previous table, nickel catalysts on diatoinito 

' Tnylor, 3rd Rcpxrl on Cont. (’aC. Phy«. Ift24 

* IViino. J. Atner. Chftn Soc.. 1923, tt, 1196, 22.3.*). IIwIm- and Taylor, J. Amfr Cfum. 
Soc., 1924, 43, 43. * J Amer. TAcni. Soc., 1923, 46, 920. 
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brick could be prcjiaroii by reduction at SW” C, or could be subjected 
to lii-at trcattiituif. at sucli tein[)pratiires. without loss of adsorptive 
cajmcilv J'ollsrd ^ found t/iat adsorjition measurenieiits could not 
be duplirated .satisfactorily with platinum black, as the gases could 
not he pumped off completely without heating to 30(f 0, at which 
temperature the platinum sinters to sueli an extent that the adsorption 
changes very miiolt Platinised tt,sbestos, however, can be boated to 
4(Xi" 0 without undergoing any cliaiige 

The increased catalytic activity per unit mass of eatiilytio agent 
eiiiployeii, secured by spreading the catalyst on a support, means 
economy "f materia! hi the. catalytic operation It is for this purpose 
that the more expensive contact agents were thus first supported, 
the use of platinised asbestos and platiiu.sed inagae.siiim sulphate 
hemg good examples At the same time, other divsirable projierties 
111 the eatulysi may be secured If a catalyst material be too fine, 
cniiKidernble resistance is offered to the passage of reacting gases, 
and this freijiiontly results in cliannolling through the contact mass, 
with a eorresjiomling decrease in efficiency The iiHoriioratioii of the 
catalytic mass upon a suitable siipjiort may obviate such ditiiciilfies 
Ill exothermic catalytic reactions tliere is the danger that overheating, 
and eonscqiieiit ilcstnietioii of the activity, of a lalalyst mass may 
occur Quite recently in such cases use has been made of the metul 
alunimium as catalyst support material, thermal eijuihhnum iii fiie 
catalyst system licing thereby facilitated^ The metal Mipjxiit i.^ 
employed in a granular form, obtained by ail()Wiiig the molten metal 
to cool slowly 111 trays, the muss jneanwiiile being vigorously shaken 
Support materials and poisons. -Roseumund and Timger'^ have 
shown that the nature of the sup|>ort material is of imporlatiee m 
profecting (he catalyst aguuist poisons as well as in mllitenemg the 
catalytic activity Witli jialladium catalysts on various siipjiort-s tlie 
infliicm'c of arsemous oxide and carbon inonoxide as poisons was 
studied, in tiie reduction of ciniiamie aeiil Kiesidgiihr-palladiiim 
catalysts siiowed the least activity aiul greatest sensitivity to poisons 
Blood cliareoa! gave the most active and most re.sistant jiropuration.s 
In these (wo eases activity and resistance run parallel Barium sulphate 
supports are more active than pumice. the latter are more active m 
presence of the potsoas The effect of the supports is evidently a 
fiiiietion of the adsorptive capacity of the support for the poison It 
acts in these eases as a purification agent in tlic catalyst system 
Adsorption o! reactants by support materials. - It is possible that 
one of the functions of the support material is to provide the catalyst 
with a reservoir of one or more of tlic reactants Thus, K A Beebe * 

' J Phi l.’Aw, 1923. ST. 360 

• Bsmtt Cl). KJg«w*ter. N .1 . Stockholm’* Sajiorlo#!*! AktiebolagcV, S P. 1921. 

’ iter. 192S, Sa 2262 

* 'I'liniB. I'nnci>ti>n Umvcraily, 1024, J PKifi Chtm, 1925, S9. 1325. 



1^ shown that asbestos, suitable for use as 'a support for platinum in 
Ihe production of contact mass for sulphur dioxide oxidation, adsorbs 
b*79, O-IO, and (KM c.o. of nitrogen afid oS-O, 11*3. and 2'tt c.c. of 
iulphiir dioxide per gram at if. 1 It)’, an<l 218° (\ respectively. Similarly, 
magnesium sulphate wa'<sh<>wn to adsorb marked (piantities of the same 
gase.s. Diatomite brick, which f(>rms a goctd support material for the 
cuprou.s cliJoriile used in tlie oxidation of hydrogen chloridi* by the 
Deacon chlorine process, can b(‘ shown to adsorb large amounts of 
hydrogen chloride. Hus.sell * has sh(»wn that juimice used as a support 
for nickel adsorbs 1*2 c.c. (d nitrogen per gram at lit)' f'., and still 
larger <{uantities of carhoi» dioxide. The 4pie.stion as to wlietlmr this 
adsorption by the supj)ort of one of the reactatit gases facilitate.^ the 
progn'ss of tlie catalytic reaction has .still to he «l(*ci4led. Mon* mu.st he 
learneti ctmcerning the nuThaiiism and characterisation of activation of 
reacting .speci^-.^i In the meantime the existence of such adsorptivt* 
(.•apa<‘ities by the support materials mu.st he rememi)ere<l when mea.siire- 
ments of u<ls*>rption by contact materials sjiread ujxm supports are 
being mailc. 

Nature of support materials. -A variety of suhslaiices have been 
emjdoyed as suppurr rnatoriuls. In addition to those already alluded 
to. nicntmii may be made (d glass, wool and silica fibres, ithrox, varicui.s 
porous siliceous materials sucli as fireclay, alundum. and unglaz(*d 
porcelain, the various forms of charcoal, anhydrous salts and porous 
oxitles ohtaiiHMl by calcination of suitabh* inati'rials 4»r by (b‘hvdration 
of gelations. preripitate.s ()r gels. 

Gels as support materials, (’onsiderahh* attention has been devoted 
recently to the use of gels as support materiula for catalytic agents, and 
some .striking results Jiave b<*en indicated. An impetii.s was given to 
this work hy the development of the technical prociiiction of silica gel 
adsorbents by I’atriok * and of base-exchanging .‘^ilica gel ainl alumina- 
gels by AVbeaton and J. rrosflolds.^ Patrick lias patented ^ tln^ im<' of 
impregnated silica gels as catalytic agents, having mentioned specifically 
the production of platinised silica gels for snljdiur <lioxide oxidation. 
He has shown also that silica gels impregnated with iron oxide show 
markctl efficiency in the oxidation of sulphur dioxide. As an example 
of the preparation of such a gel, Patrick cites the production of an iron 
oxide gel. One hundred e.c. of a 5 per cent feme clilorirh* .solution is 
mixed with 2tK) c.o. of sodium .silicate containing 1 per cent NajO. 
After the mixture has set, the gel may be broken up and washed free 
from chlorides without loss of iron. The impregnated ferric oxide may 
be reduced to iron by the action of hydrogen. In place of the silicate, , 
an aluminate, stannate, titanate, tungstate, or zircouate may be used. 
The products cited in the patent include silica with iron, copper, or 

* Princeton Univcnntv, m24, ./ Phvt. Chfm , 1925, 29, i32,’>. 
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nicifel, silica and iron oxide witli copper, magnesium, cadmium, zinc, 
ind manganese oxides, and .silica and alumina witii copper o.xidc 
Rpyerson ami Parnclc ^ liave stuilied mctal-iuiprcgnatcd silica gels 
obtained by reducing metals fiom solutions of their salts by means of 
hydrogen ad-^orbed in hiIkh ge] at -Ih/' (' The metals form a black 
deposit on the gel, ami in the ca.se of pallmliiiin, [datinutn, and copper 
marked reaction between hydrogen and eMiyIeiie has been obf.iined 
at room lem[)erutiires 

Choice of support materials. The cliou i' of nnaenal to l)e employed 
18 generally determined by [irocesses of expeniiieiilalioii \s with 
the clioici' of (ataly.sis gmienilly, no sure guiding pnncijdes can he 
laid down P.xperience .shows, however, (hat in a great many cases 
1180 of a given catalvst su|»port brings about a serious dimiinifion in 
catalytic efficiency, gencraliy attnlmtcd to a fum tioiiiiig of the support 
as a negative cataly.st ()l)\unis|y, with a catalvst winch is poisoned, 
for example, with sul[diiir, the jircsiuH'c ot sidpimi in the (ut.dvst 
sujiport js not |)ermi.s.sibli' The extraordmarv sensitnili of (cilain 
catalysts to minute impurities rcstricta severely the iiiimher of jmssiiilc 
supports [ii reactions which ate condiicled at liigli temperatures, 
also, the pos-silnlity of interaction between catalvst ami support 
material rnii.st be coii.stanlly eiivisagt'd Mspeeially in the case of 
()Xide catuly.sts is this ncce.ssury, owing to tlie ease of combination 
with HiliceoiiH malerial.s with formation of iioii-.utiie ,si)irHt*‘s fn 
such casi'vH, catalyst siippitrfa wtmli an' basie m eliai.ictiT ao' to he 
favoured The ideal sii|iport, therefore, should I'e a puroiis matenal 
free from impurities negatively catalytic to the contai't hodv. im a[Kihle 
of intoriu'tioii with the catalyst, ami. if possilile itsell positively 
catalytic, even though feehly so, to the leaetiun in iaIiicIi it is to Ik- 
i-mployed 

PllOTKlTKI) (JaiAI.Y.sTS 

Colloidal calulysls when empbjyeil in ealalytie reactions often¬ 
times lose their activity by .igglonieratioii of the colloidal [tartich-s 
Tli(' decrement m surfnci- thereby resulting is rcHeoted in a deerea.se m 
catalytic activity Sucli colloidal eatalvsts may be stabilised b\ tin- 
addition of vafioas agents, ami the use of such " protected ' colloidal 
catalysts is now standard [iractice. Paal and liis co-workers * made use 
of a water-soluble protective colloid, the sodium salts of prot.vlbimc 
or lysalbimc acids, to .stabilise colloidal platiiuiin ami pulladmm 
Skita,^ who has detailed in a cotuprohensive manner fho literature of 
the subject, employed an acid stable |)rotcctivo colloid .such as gum 
arable, (u-latimi and glue have also been employed. 

' ColW .S'ym/Kwiwm MoBOffm/iA, p 119. Mmlisoii IVn , 1921 
« firr, 190r>.38. ].yi8. HiKl 2114, llKW, 40 1392. 2.'0l. 22u9, 1008. 41. SCCl. 2273. 2282. 
1909. 43, IB«. I.VI3, 2239. 3939. 1913, 46. 1297 
* . 11)11, 44. 2892 , 1912,46, 1927 
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Tho function of the added a^eiit is to protect the colloid particles 
from agjfloineration in the reaction media in which they are placed. 
This i.s hrou^dit about by the presence of the j)rotectinji[ agent on the 
outsid<' <'f the jiarticle.H of colloidal catalyst. Tin* stahilisation thereby 
secured IS ()l)tained. however, at tin* expense of the catalytic activity. 
This na.s shown by tJrbh ^ in the .stabili.sation of colloidal platinum by 
gelatine Kvrui small <piantities of the gelatine exert a most marked 
retarding influence on the rate at which hy<ln>gcn jMToxifle is decom- 
po.sed by the platimim. as the following tabh* shows . 

I 

ri ri< ii( ThiM-for n.ilf IVr n'lil Tltii*- 1 -ir Hull ; 


' O'lMHi l(Mj 0'0.'> a^’o i 

. n-ool 4:{7 0-10 u.s.'t 

0-(ll 4(50 

Tin- gelatine, however, incn-a.ses (he slabilitv *)f the colloidal metal 
solution, and tends to pndong its period of acfi\ity hy ju-evenfing its 
precipit.itI'in by electrolytes, 

Rniea! “ .stiidhsl tin* protective a< tJon of gum arabic on colloidal 
platinum or palladium in the catalytic livdrogenation of pln'iivl pro- 
juolie acid It was found that gum araluc in small amounts increased 
and then m larger amounts (ha reased tlic rate «if the rtaliielion proces.s 
when the sols were prepared in the presmic** f>f the protective ag«'nt. 
The inerea.se is to be attributed to an increased liispersion »»l thr* colhmial 
metal brought about by the jiresence of flic protecting agent. In 
stiidving niixi'd platinum and ]ialladium sdj.s, Rideal found that " ni 
all cases where tlie .sol was ]>rejmre<I from platinum containing small 
quantifies of palladium tliere was a very marked improvement in 
stability and resistance to age over thoM- ]>repiired from tlie jnire salts. 
Tins suggests the bypothesis that ]>romot(‘rs may function in ])urt as 
peptising agents for (‘olloidal catulysts or for cataly.sts wbicli pass thnuigb 
a collonlai stage at some point in their jireparalion. " Ihincroft points 
out ^ that in addition to the possibility of increased dispersion, it is 
also p(KSsiblc that the reaction may taki* place nu»rc rapidly at the 
interface between the two metals. 

iredale studied* the parallelism betwas'ii the elTect of protective 
colloids on the catalytic decoinp(»sitio!i of hydrogen peroxide and 
their efliciency as protective colloids. He found that the stronger a 
8ul)stance i.s as a protective eolloid the greater its inhibitory power 
on catal\*tie activity. The order of inhibit ive cITecf. is gelatine and 

* y.ntffh. phytiiial f'hftn., 1'J14, 88. 414; H/iucnin, .S<'c<)nil Itf'gort, J. ('hf.m., 1923, 
«. Ki)2. 

* ./. Amrr. Chan. Si/c., 192U, 42, 749. 

* Swoticf ln*iH)rt. J. Pku0. Chftn , J923. 894, 

* J. Chrm Soc.. Jft21, ltd, 109; 1922, 121, 1536. 
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gh- -> igg alhiimui > gum arabic > sucrose, the last appearing not tp 
alh-tl the rmiioii at ai/ With goktmv the inhibitory effect was 
iiutici'alile with one part of the protective colloid in twenty million 
jiarts of water By determining tlie smallest amounts of different 
jiroteetivi' colloids which perceptibly retard the catalytic decomposition 
of hydrogen peroxide, Iredalc obtumed inhibition numbers whicb ho 
then compared with the gold numbers, using gelatine as standard. 
The iTiliibition numbers for gelatine, egg alliumin, dextrine, and starch 
were found to be 1(10, 20, ami 0 33, while the gold numbers were corre¬ 
spondingly KX), 20, 0'66, and 0 40 Iredalc therefore concluded that 
tile inliibition number may be defined as the percentage of jirotcctive 
colloid, winch 18 just insufficient to inhibit catalytic action The ratios 
of tliene miiobers for differe.nt proti'ctive. colloids are of the same order 
of magnitude as the ratios of the. gold numbers 

Ilocosolano ^ found a similar reidtionship between the inliibitory 
action of gelatine ami gum arabic With smliiim lysalliate the rate 
ol decomposition of hydrogen peroxide in presimce of colloidal platinum 
decreases to a mimniiim with increasing concentration of protective 
colloid, but [lasses through a inimmiim and then iiu'rease.s This 
latter effect is to be attributed to the alkalinity of the protective 
(olloid, winch oviTcoraes tlie inliiliitory I’ffeet 

Bancroft^ concludes that the essential differmiee ln'laiceii the 
*'support<‘([ " and tlie proti'ctcd ” catalyst is that iii the former 
the piatimiiii IS on the outside of fhi' asliostos, wlicreas the gehitino is 
on tile outside of the platinum in the latter 

' rompt mid. IIIJI, 173. H .’itl 
‘ Cullonlul Uthiivinur. j) J74 (Malimi-lhll, lll.M) 
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CATALYST POISONS AND TDK INHMimON OF HOMOUENKOUS 
ClIKMK'AL REACTIONS 

The |»ln'nonuMion of poisoning; “ is limited to contact catalytic 
reactions. The t(‘rm poisonini^was originally given to the reduction 
in activity of contact catalytic agents which is lirought about by the 
pre.si'iicc of substances foreign to the reaction umler study and present 
in relatively small amounts, 'flie use of the term has b(M*n extetuled, 
and it is now recognised that poisoniiig to various degrees may occur, 
requiring relatively small or large amounts of a foreign substance, 
and, also, that even the reacting speefes or the resulting products may 
“ poison " the reaction at the catalyst surface*, slowing down tlie rate 
at which the process taki's ])hic(‘. 

The attention of the scientist to the phenomenon daU^s almost 
from the earliest studies of catalysis, as has been indicated in the 
historical introduction Dohereiner’s platinum “sickened” with use. 
Faraday investigated “ some very extraordinary inlerfiTcnces ” with 
the catalytic combination of hydrogen and «>xygen in contact with 
platinum. Turner and Jfenry gave much attention to the phenomenon, 
and out of their researches developed methods cjf preh'rential catalytic 
combustion. The jmrallelism existing between the inhibition of 
contact catalysts and of enzymes probably letl to the extended nse of 
the term “ poisoning ” for tlie phenomenon. 

The occurrence of jwisoning in technical catalytic [irocesses has 
been a determining factor in the industrial application of catalysis. 
The transfer of a catalytic jiroccss, perfectly practicable on the 
laboratory scale with purified materials, to the stage of technical 
production, in which materials of the same degree of purity arc less 
easily obtained, is very frequently the central problem, determining 
ultimate success or failure. The early patent to Phillips on the 
oxidation of sulphur dioxide in presence of platinum only attained 
commercial exploitation when the problem of the removal of arsenical 
and other poisons from the sulphur gases was attained. All earlier 
commercial efforts to secure the catalytic production of sulphur 
trioxide failed, owing to poisons in the reacting gases. Volatile silicon 
127 
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' compoiindg load to tho poisoning of })latintim in the ammonia oxidation 
process Traces of sulphur compounds present in tho reacting gases 
are poisonous in the ammonia synthesis reaction and in liydrogenation 
pnH'esses, with the normal catalysts for these operations Oxides of 
sulphur and arsenic impair the activity of cuprous chlornh* catalysts 
in tlio Deacnii_ chlorine jirocess 

Classification. -Poisons may he either permanent <ir transitory 
Thus the silicon compounds |>reseiit in the ummonia-air mixture and 
in the oxidation of ammonia in contact with jilatimim gauze are 
oxidised to silica, wliieh is deposited m part on the gaii/e and destroys 
its activity hy covering up the platinum surface The poisoning is 
jiernmnent Dust may also lie included m the category of permanent 
poisons Hydrogi'ii siil])lii(le and sulphur compounds transform an 
iron catalyst in ammonia synthesis and a nickel catalyst m hydro¬ 
genation jirocesses to the corresponding sulphides, viliose catalytic 
activity IS iiegligilile Tlie epect of tlie sulphur is cumulative and iion- 
reversihle, and it is necessary to regenerate a catalyst so poisoned by 
suitalde means In tin' case of an iron lalalvst poisoned iiy sulphur, 
It IS nocesMry to oxidise the .su![)hii!c completely to the oxide ,ind 
then regenerate the rnefal bv leiliiction All cases of pcnnaiU'nt 
poisoning reipiire siieli a renewal of the (onlact mass Indore original 
activity IS regained 

Transit<»ry poisons aie tlmsc wliuh are onlv t'lbitive so long as 
tliey are present in tfie nuu'ting system After tlie removal of ilie 
Jianiifiii eoiistituent from tin* reactants, provided the aetion Itas not 
lieen too [irolonged, tli(‘ original activity of the i.italv't is restored 
Kuraday found tliat tlie iiilnlutorv action of cailnm monoxide on tlie 
platmuni ealuivsis of livilrogim and oxygen only lush'd so long as 
carbon monoxide us present in tlie reacting gases W’alei vajioiir is a 
transitory poison in ammonia s\ nlliesis in pre.seiice of an iron eafalyst, 
at a reaetioii temperature of .b(l(i° (' how eonversion eflieiencnxs are 
obtained when (he drying of the liltrogeti Indiogi'ti mixture is in¬ 
complete Ihit tlie oiiginal aelivitv is restored when thoroughly 
dried gases are tunnal into the reaction svsfem 

It should be noted that the elassitiealioii is dependent both on the 
catalyst and the reaction A ixuson may lie Itodi traiusitorv or per¬ 
manent aeeordmg to the tatalvst iiseil In the case of ammonia 
sviithesia. using uramiiiii carbide (vvlurh changes to nitnite with use) 
as catalyst, water vapour, oxygen, and carlum monoxide are permanent 
poisons They eonvert the nitride (o an irreducibh' uranium oxide, 
catalyticallv inert It ts this factor that has militated against the 
toclinioal use of the otherwise very exeelhmt urammn compound as 
a catalyst iii ammonia syiitliesis As already mentioned, water vajKUir 
is a transitory poison m ammonia synthesis with an iron catalyst. 
Furthermore, it is probable also that water vapour is the real poison 
in tlio case of oxygen and carbon monoxide poisoning in ammonia 
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gynthosis in presence of iron, since boih these gases undergo quantitative 
transformation to water vapour and to methane and water vapour 
respectively under the conditions of the synthetic process. 

The mechanism of poisoning.—It is now generally agreed that the 
inhibition of reaction produced by poisons is to be ascribed always 
to the diminution of tlie active catalyst surface by the poi.son. Thd 
reduction in surface may be mechanical and permanent, as in tlie 
illustrations of permanent jMu'.soniiig already given. The reduction 
may also be temporary, and in this case it is brought about by 
preferential adsorption of the poison on the catalyst surface. Experi¬ 
mental data to illu.strate tliis explanation of temporary poisoning 
have long boen available, but it is only ror<*ntly that the full realisation 
of tlicir signitieance has been attained. Bancroft ^ 1ms been es|M*('ially 
instrumental in .securing this recognition. His correlation of the 
literature has Ihmmi supplemented by experijneiitul data designed to 
give this point of vi(‘w a (piaiititative basis. 

Karaduy’s observation - that “the very power which cau.ses the 
combination of oxygen and hydrog<‘n is competent under the u.siml 
casual exposure of platina, to condense extraneous matters upon its 
surfuee. which, soiling it, take away for the time its power of combining 
oxygen and hydrogen, by preventing their eontaet with it”, was 
eximided l»y Henry.^ He recognised tlmt the presence of the reaction 
prr)duc( might .slow up tlie rate of reai tion. He proved this liy showing 
that the nmetion rat»‘ between earlmn monoxide and oxygen in 
contact with platinum was aecelerated if the carbon dioxide produced 
was continuously removed from the reaction system by adsorjition 
w'ith caustic ]totash. Sclumbein'* juunted out that the hydrides of 
sulphur, .selenium, tellurium, phosjihorus, arsenic, and antimony were 
all active in retarding the reaction between air and hydrogen or ether 
in the })resenee of platinum. He w’as of the (fpinion that the inhibition 
W'H.s due to the formation of a lilm over the platinum, probably solid, 
not tliat of a gu.s lilm. This is not a necessary conchision. as we now 
know tlmt preferential adsorption may be strong, even of ga.ses in 
minnto concentrations, and an adsorbed ga.s tilm is just as etTeetivc 
in covc^ring an active catalyst surface as a solid film. Maxted has 
shown,® however, that platinnm or [lalladiuin may decomjiose hydrogen 
sulphide, the sulphur remaining on the surface, so that Schonbein’s 
reasoning may be correct in certain cases. 

Bredig’s studies ® of the analog}’^ between colloidal metals and 
enzymes .showed that the activity of colloidal platinum in the decom¬ 
position of hydrogen peroxide could be inhibited by minute amounts 


' J. Phi/tical ('hem., 1917,. 21. 71)7; FirM and Second Heporte, ('ommUUe on Contact^ 
CtUal^is. 1922, 1823. 

* K4j^rimeniat KeMarehee, 353. ’ Phil. Mag., 1836 [3J. 9, 324, 

* J. pr. Chem.. 184.3, 89, 238. ‘ J. Chan. Soe., 1918. 118. 1050. 

* ZeiUeh. phgM. Chem., 1889, 81. 258; 1901, 37. 1, 323; Btr., 1004, 87, 788; ZcUmK. 
MMumhen., 1908, 14, 61. 
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of foreign substances just as the, function of enzymes m the same 
reaction coulti bo similarly suppressed Bancroft has compiled tho 
following table relative to the effect of minute concentrations of 
Bubstaneoa as poisons in the decomposition of hydrogen peroxide by 
means of platinum and by b.'cmase, the active enzyme of the red blood 
corpuscles In the seeotid and third columns of tlie table are given the 
molar concentrations at which the poisons reduce the rate of decom¬ 
position to approximately one-half of the rate in absence of the poison. 
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There is an undoubted parallelism between the twi> (xses, sinre 
adsorption is specific, however, it is easy to iimlerstaiul tlial, the same 
aiibstanei's should not necessarily poison lioth platinum and hieiiia-se, 
since, also, tlic extent of adsorjition at a given concentration vanes 
with the adsorbent, a given concentration of jioi.sim should not 
necessarily poison them liotli to the same e.xteut. 

The investigations of Meverliof* on the “nareohc" action of 
alcohols and iirethaiies in the catalytic decoinpo.sitioii of hydrogen 
pero.’cidfi by plutmnm may also bo cited in reference to tiie adsorjition 
view Ulrramicroscojnc evidence showed that the aildifion of the 
iiurcotics ilid not cause an ngglomoration of the eolloidul particles, 
and therefore the decreased rate of di'eoinpositioii is not attributable 
to .such cause Meyerhof considers it probable that a surface him of 
the poison is formed over the catalytic agent, which prevents contact 
of the reacting substances with the. catalyst Tho retardation caused 
by alcohols and urethanes in the. action of iiivertase on sugar is also 
attributed by Meyerhof * to displacemeut of the sugar from tiic surface 


' Pjlugfr'i ION, 187. 307 

‘ /'gtliW'j 1014.187. 251 
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pf tho colloidal invertaso. Cases of agglomeration of colloidal particles 
fere, however, hot unknown, as was jiointed out by Bredig. ^ 

I Tin* researches of Bodenstein and his co-workers on the kinetics 
^f heterogeneous gas reactions demonstrated conclusively that both 
Jthe reaction j)roducts and one or other of tlie reactants could act as 
'‘poisojis to the catalyst in tlie reaction. Finks w<»rk with Bodenstein 
on the nn*chani.sm of sulphur dio.vide <».\idtttion ^ in contact with 
platinum e.stablisljed kinetically. as well as by experimental measure¬ 
ment of udhorj)tion, that tlie sulphur fnoxide produced inhibited the 
reaction by nvison of its strong condensation on the surface of the 
platinum. This observation was incorfM*rateil in the Bo<len«tein- 
Fink tluMjrv of gas reactions at catalytic surfaces. The reaction 
veloeity was assumed to be <]etermined by tlie rate of difTusion of the 
reactant gasf‘s tlirougli a him of ailsorbe<l resultant, which film was 
assumed l<i vary in lliicknes.s witli tlie partial jtressun* of such resultant. 
Langmuir has shown.however, tliat the kinetic data may receive a 
ditTerent exiilanation If oiilv iiniinoleciilar layers of ad.sorlied gaa 
are posMhh- -an<l Fink s mensureineiits indicate tlie essential correct- 
nes.s of tills view - the reaetnm rate is comlitioned by tlie fraction of 
the surface wliieh is bare of the .strongly ad.sorlied gas under the 
ex))erimi'iital <-ondition.s. The strongly ailsorlied gas may be one of 
tlie reactants, as the work of Itodeiisfein an<l (Hilmer^ on the 
comluiiatioii of carbon monoxide and oxygen in eonfaet with ijuartz 
glass iiidieates. In this I’a.M*. carbon monoxiih‘ is a poison to its own 
reaction. Tlie experiincnfal data are siiece.ssfiilK int<Tj)rele(l by 
Langmuir in a manner analogous to that obtaining with sulphur 
trio.xide. Bodenstein and Kink as.Num<‘d that llie surfnee of the glass 
was covered with an u<lsorbed IaV(‘r of carlion monoM«I(( of a tliickncRfl 


proportional to the pressure of the ga.s. By then a.ssiiming that the 
oxygen has to diffu.se through the layer of carhoii monoxide before 
coming into contact with the (piartz gla.ss where it reacts with the 
monoxide, it was jiossible to explain the fact that, the reaction rat<? was 
proportional to the oxygen pres.sure and inversely proportional to the 
pressure of carbon monoxide. This naturally involves an assumption 
that the ijuartz glass is capable of adsorbing the gas in films many 
moleeule.s deep. Bodenstein and Fink did not measure the adsorption 
of (piarfz gla.s.s for carl)on monoxide. Borne unpublished measure¬ 
ments by Benton indicate tliat the adsorption of this gas on fjuartz 
glass ground to almost colloidal dimensions is abnormally .small, ho 
umall that the BodeUvStein-Fink assumption is very improbable indeed. 
Even f.anginuir's assumption that the surface is nearly covered with a 
layer one molecule ileep seems to require some moditi<'ation, namely, 
that only those portions of the quartz .surface which ar« catalytically 
active are nearly coveretl with carbon monoxide. Thi.s would mean 


* Zetttch. j)Av»ikal. Chttn., 1809 . 31 . 332 . * jihygikal Cfum., 1907 , 60 . 1 . 

> J. Amr. Vh€m. Soc., 1916 , 38 , 2288 . * ZeiUch. j^ystkal. Ckem., 1905 , 83 . 166 . 
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that the ‘‘ eicnientary spaces ” of the surface are not all catalyticall 
active. Langmuir’s method of treatment would then be restricted t 
the “ elementary catalytic sjiaoca " Further evidence for this ide 
of ■'elementary catalytic spaces ” will he given in a succeeding section 
H'hei? ///ore quantitiitive ovidonce will he brought forward 
It IS of inteicst to record that liodenatem and Ohlmer showed that, 
in contact with cryntalhne quartz, the reaction between carbon monoxide 
and n.vygen follows the ordinary stoichiometric equation This result 
really requires further expennnmtal test, as it involves a most lutereat- 
mg phenomenon The carbon monoxide is apparently a poison with 
the fuseil rpiartz glass and not a poison with the crystalline variety of 
the same molecular species 

Adsorption by poisoned catalysts.- A number of isolated observa¬ 
tions occur 1)1 the older literature conoermng the iiiHuenee of poisona 
on the adsorjitioi), more generally designated the occlusive power, of 
catalytic agenta lierliner showed ^ that traces of fatty vapours from, 
the uir or from the grease on the stopcocks will decrease the occlusion 
of hydrogen by palladium from about mne hundred volumes to nothing. / 
Moiul, Kamsjiy, and Shields^ showed that mercury vapour !iad the' 
same action. Fiiilc'^ demonstrated sulpliur tnoxuie. adsorption, imt ■ 
did not determine the adsorjitioii of other con.stitiients in its presence 
Paul and Steger ^ showeil that mercury vapour cuts down the adsorption 
of {lalladium hydrosol for Itydrogeii ami decreases the catalytic activity 
towards oxy-liydmgeii gas 

The most complete experimental study of adsorption m presence 
am! absence of poisons lias been oiirriod <»ut by Jlaxted,'' who has 
demonstrated definitely the parallelism bclwocn the artioii of poisons 
on adsorption and on eatalytic activity The occlusive power of 
palladium for hydrogcu in the presence of occluded hydrogen sulphide ‘ 
was shown to vary linearly with the content of inhibitant The 
decrease m ai'tivity caused by llie poisons, lead, mercury, zinc, sulphur, 
ami arsenic, is directly projuirtioua! to the coiiccntrafion of inhibitant 
from zero coiiceniration in platinum up to that jiroducnig practically 
complete mactn itv Tlic presence of lead decreases both the hydrogen', 
adsorption by. ami (he lalalytio activity of [lalladmm Tlie amount 
of lead, as poison, reijuirod to reduce the catalytic activity to oiic-half, 

IS very much less than that winch reduces the wcliisivo power to one- 
half Its original value. This may be explained by the fact that while 
occlusion 18 not confined to the surface, catalysis is tnaiidy a surface 
phenomenon It will be shown, however, that this observation, 
rejieated with metals which show little or no occlusion such as palladium 
shows, leads to very interesting conclusions concorumg the nature of 

* Wiflrf .Inn , 1888, M, BO.l. » Zetiwl pAynlnl r*<ni, 1898. M. 067. 

* * flsr. 1918,81. 17U 

» J CKm. Soc. 1919. 116, 1050, 1920, 117. 1280, 1501 ; 1921, 119. 225, 1280; 1928 
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sarfacea and their reactivity. Masted also stuiod the 
ktalysis of hydrogen peroxide decomposition by platinum in solutions 
ontaining metcuric chloride, mercuric nitrate, and lead acetate. The 
urvft obtained by plotting the caialytic aetivity of the platimiiu 
gainst the poison content i.s approxinmtely linear until at least 70 
er cent of the original activity has been auj^pressed. Preliminary 
rexperimenis on adsorption indicutetl that inhibitanta such as cata- 
dytically poisonous metals, in dilute solutions, are adsorbed strongly by 
platinum catalysts ; but the adsorption is incomplete, except probably 
in tlie presence of relatively large comsuitrations of catalyst. This 
result has recently been (piantitatively confirmed by Maxted.^ It is 
worthy of note that arsenic, in the form of sodium arsenate, has a very 
low toxicity to platinum, whereas, in the form of arsine, it has a high 
activity as an inhibitant Thi.s distinethm was earlier noted by Bredig. 
It is a result which is entirely explicable on the basis (d the newer 
theorii's with respect to tlu' electronic ciuifigurations of arsine and 
arsenates. 

Langmuir “ showed that carbon itutnoxidc was atUorbed tenaciously 
by platinum at room temperatures, and that at u temporal ure below 
450^ K. it slnmld be inqiossible, in any reasonable time, to remove an 
adsorbed film of carbon monoxide merely by pumping utT (he gas 
with a good vacuum pump.® Taylor ami Burns * confirmed this con¬ 
clusion, working with jdatinum black, and found that it was neci^ssary 
to burn the gas off with oxygen and then remove tlie excess oxygen 
with hy<ln)gen The hydrogen could tluoi be removed by healing in 
a vacuum. When platinum black was not Mihject<‘d to this treatment 
after having bemi exposed to i-arbon monoxide, Imt was merely 
evacuated at 110 a sub.secjuent mea.suremeiit of hvdrogen adsorp¬ 
tion showed three volumes at 25' whereas tin* true vaim* on a clean 
surface W'a.s 0*85 volumes. This is a decrease of apjiroximatejy 60 
per ceut. In an analogous way the H(Uorj)tiou of carbon monoxide 
itself at 110° C. declined from 10*2 volumes cm a clean surface to 7*3 
volumes W'hen the surface had been exposi'd previously to carbon 
monoxide and then only evacuated. This would indicate that it is 
possible to render only about 40 per cent of tin* ])lutinum surfac(! free 
from carbon monoxide by heating the V(*ssel t/i 1 lO' i'. in a vacuum 
of 0*002 nun. for a moderate jieriod of time. This tenacity with 
which carbon monoxide is held and the diminished adsortition thereby 
produced is a convincing demonstration of the caiiw* of inhibition 
noted by Harbeck and Lunge ® when carbon im»noxid(‘ was present in 
the hydrogenation of ethylene. 

Taylor and Burns* catalyst was undoubtedly coiitarfiinated with 
Ifopcock grease and was not readily susceptible to exact atlsorption 
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icasurements, amco, if heated above 110° C, coale,sconce of tbi 
Jatinuin black occurred i’oJIard * obtaiiied their results oven more 
8trihi]f!ly. With pJatniim} usbentos kei>t rerr clean from I’vcaae, be 
obtained one hundred and mxty volii/jics of 'liydro/(en adsorbed per 
vofij/uc of pJatinimi On introducing carbon monoxide, the hydrogen 
adsorption dropped to about seven volumes, which is practically 
negligible under the conditions of the experiment 

Dy studying the influence of poisoiw on the adsorptive ca|>acity 
and catalytic activity of copper, Pease ^ avoided iMaxted's difliciilties 
with palladium, with winch metal botii surfaee phnnonieiia, solution 
and compound formation with hydrogen may occur Pease ailniitted 
mercury to a copper catalyst on wliieb Tnea.suremen(s were inadi' both 
of adsorjition and catalytic activity before and after poisoning About 
20 c.o of mercury vapour (incasurfsi at 0“ (■ and 7(i<i min) were 
admitted to the copjier, which was then heated to 20ii'' (‘ for one 
half-hour and evacuated After cooling, the nierciirv had (!isap[)eared 
and tJie catalyst W'as micliaiiged in appearance The ailHorptions at 
380 mm jiressiire of hydrogen and ethylene, respectively, were found 
to be .'P‘2r) c c and 8 55 c c before poisoning and 0 15 t (• ami b 7ii c c 
aftA‘r poisoning Tlie rate of reaction was reduced to aliout one-h.ilf 
per c<'nt of its value lietore ]»oisoning This reduction in rate is .icliieved 
with a reduction of hydrogen adsorj'tioii to aliout otie-lweiitieth of its 
former value The ethylene jid.sor[)t ion wusonlv modiTaielvdiiniiii'-Ind 
This exporinunital evidence is conclusive ni one respect Ii induales 
that the reactivity is not e.xactly proporliona! lo ilie of the 

adsorbed gas. In other wools, not all the adsorbeii g.is is rendered 
calalytieally active in tin- process ol ad.sorptioii 

Pease's siibse(|uetit wotk^ iius abundanti) toiilirmi'd these eon- 
cliisinns and umplilied them Carbuii monoxide, wlmli is strongly 
adsorlied by copper, is a marked poison for llie re.ntion betwium 
ethylene and hydrogen Hy MKTessi\elv reduiiiig tlie (|u,in(itie.s of 
carbon monoxide iiiLroiliiced into tlie reaction system, Pease has shown 
that the carbon monoxide molecules rerjnired to rendei the iiMction 
negligible undiT the eoiKlitions of the exjierimeiif aie inurkediv leas 
tlmn the number of hydrogen molecules eu[)ali!e of being adsorbed by 
the eojiper catalyst This seems to be <|n)intitalne i'Mdeiice that 
only a fraction of flicBiirf.iee winch is ea[iab!e of adsorbing the b\drogi‘n 
IS capable of activating it siilficiently to promote reaelion It la 
apparently tjuanfitative eonlirmation of a suggestion of Armstrong 
and Hilditch * and Kideal,'^ that an active catalyst is merely an a\erage 
term expressing a surface on which a number of patches of muxinitim 

' J Phjincai , 1023, 27, 370 

• J Amcr Ohm Soc. lOW. 45, llOfl, 2233 

* Amr ('htm 5oe, Spring Mectitig, 1024, Pr-as© and Slciratt. g Aii\er Cktm Soc., 
1023, 47. 1233 

‘ Tran Farad Soe, 1022,17.070 


* J Ckm Soe. 1022, isi. 314 



activity occur, the greater part o( the surface being of quite a low 
order of activity. 

TIu‘ experiments of 31axted ^ on the poisoning of colloidal palladium 
for the hyilrogcnation of oleic acid had two similar conclu.'^ions. The 
falling off in catalytic activity on the addition of load is found to be, 
in direct proportion to the amount of lead adsorbc<l, over a wide 
range correspon<Iing with the poisoning of the patolies of maximum 
activity. Hydrogenation proceeds at a much slower rate on the less 
active portions to which the lejui may he caused to adlu're, but. less 
strongly than on the active patches, thus necessitating a larger con¬ 
centration of loud salt in solution. More detailed stmly of these cases 
is needed, and examples sluuild be miiltijdieii. It would be desirable 
to have not only <lata on udsorptipns of tin* ga.s<-s at various partial 
pressures, but also ailsorptions of tlie gases from mixtures. 

The work of Pease further indicates that from the study of poisons 
more mav be learned with respect to the meclianism ()f activation 
and of a<l.S()rption. The work with nuTcury poisoning of the cojqier 
caTalv.st showed that the poisoning etTeet was mo.st marked on the 
hydrogen and negligibly so on the I'llivlene. This indicates that 
reaction veloeity is primarily ib’pendent on the actuation ot tin* 
hydrogen As the pliysical characteristics <d the gas would suggest 
also, the slight influence t)f mereury poisoning on tlu* ethyh'in* adsorjitioii 
tends to sliow that the adsorbeii el hvlene is largely present in eoiideiised 
films, not in surfai'e-unimolei ular gas film complexes 

Progressive poisoning. If u catalyst surface is composed of patidies 
<tf varying activity it is (‘Vidcnt that ]>rogressive ]ioisoiung ol the 
surfaci- ought to lie attainalile. With small ainouiils of a suitalde 
poi.son the more higlily activating centres of the surface will be renden-d 
inactive. A reaction reijuiring liigh catalytic activity wouhl cease after 
such jioisoning, but one not re(juiriMg so active a (atulyst might pro¬ 
ceed. This jihenomenon seem.s to have been realised m several cases. 

One such case has been studied by Vavmi and llns.son '^ with the 
deliberate object of establishing the existence of jirogressive poisoning. 
The jM>isoning studied was that of platinum Idack i»y carbon disulphide. 
The authors .showed that 5 grams of acetoplumone in alcohol containing 
0'2 gram of platinum fixed 25 e.c. of hytlrogen mi the average in 
six minutes. After the addition of (1*4 mg. of carbon disulphide no 
adsorption of hydrogen occurred. If, however, 1 gram of cyclohexene 
was then addeil to the solution, liydrogen was again taken up. 25 e.c. 
being fixed on the average in 4 minutes. In a second example, a 
three-stage process of progre.ssivc poisoning was obtained. Five grins, 
of propyl ketone in 5() c.c. of glacial acetic acid containing .5 grins, of 
platinum showed a hydrogen adsorption of 25 c.c. in 4 minutes. 
The addition of 2-3 mg. of carlxm disulphide stopped the adsorption. 
If 2 grms. of piperonal were now added to the solution, hydrogen 
* J. Chfm. S(K.. 1920, J17, 1801; I92J, U9, 1280. » CempL rend., 1922, 175. 277. 
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absw^inoD again commenceci at a rate ot 25 cc in 3-5 minutes. The 
■further atldition of 1-4 mg of carbon di.sulphide again caused the 
hydrogen absorption to cease 'J'lie catalyst was still cajiable of some 
hydrogenation, for when 2 grms. of nitrobenzene were aildod to the 
solution the absorption of hydrogen again commenced, 25 c c being 
taken ap on the average m J •75m/nnt('s From tbs it maj' be conebded 
that nitrobenzene is readily reduced with practically inert catalysts 
jPropyl ketone needs an active catalyst. 

This behaviour is very reminiscent of the observations of Sabatier *• 
with reference to hydrogenation of the benzene nucleus with nickel 
Sabatier showed that it re(piired an active nickel cutalyat. pnpared 
by reduction at low temperatures, to eifect flic liy(lrog(‘iiafi()n of the 
benzene nucleus. On the other hand, less active catalysts, prepared 
at higher reduction temperatures, while incapable of etfectiiig the 
bydrogeiiution of tbe benzene nucieus, were iievertlieless (|Uife useful 
and efficient in the liydrogeiiation of the single ('thylenic lunid Tlie 
work of Gauger and Taylor,^ already citeil, showed tliat the higher 
temjK'iaturc of reduction resulted m a catalyst of lower aiKor])ti\e 
capacity for hydrogen than one obtained Iiy low teniperaliire reduction 
The effect of heat treatment of a catalyst is, tlierefon', quite nnalogoiis 
to the effect of poisoning J’ease confirmed tins with exiiertmenm 
both on the reaction velocity of hydrogenation and the adsorjitive 
capacity of cojiper for the, gases hydrogen anil etliyleiie I'ease writes 
“In the course of the expeninents on tin' catahtie enmbiiiation rd 
ethylene and hydrogen, the ollect on botli earalytic aetuitv and 
adsorptive capacity of [larhally deaetnating a eo|)per eauhst liy 
heating it to 450' in a vaciiiiin was determined The elTeit id de¬ 
activating this sample of copper Iqv heating was in a general way 
similar to the effect of deactivating the sanifile by jimsoning it with 
mercury. Tiic curves have been moved over toward the pressure 
avis to nearly parallel positions, at the liigher pressures at least 
The heating has, however, decreased the hydrogen adsorption relati\ely 
less than the poisoning and the ethylene adsoriition lelativcly more 
Tims, at one atmosphere, the decrease in liydrogeii adsoridinn uniomits 
to 70 per cent, while the decrease in ethylene adsorption amounts to 
22 per cent These are to bo eonipared with decrease of 1)2 per cent 
[or hydrogen and 14 jjer cent for ctliyleno, caused by mercury poHoiiing 
i'lie absolute decreases at one utmosjibere arc 2 fiO for bydrogcii and 
M)5 for ethylene It will be seen that these figures are much more 
nearly of the same order than lu the case of coppr i>oisoned with 
metoiiry 

“ Tile decrease in catalytic activity in the ethylene-hydrogen 
combination accompanying these decreases in adsorption amounted 
to 85 per cent. Just as in the case of the poisoning by mercury, one 


* Calali/tu »» Organic C'^tnlulry, !>*b«Uer, tnin0UlP<i by (V»n SmtiHtid, 1923). 
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iunst go to very low pressures to find a corr^ponditig decrease m 
adsorption, indicating that it is the strong (low pressure) adsorption 
which is Hiaiiily responsible for catalytic activity.” 

Beneficial poisoning. —Since partial t>oi8oning may be secured, it 
is evidently possible that use may be made of it to achieve certain 
reactions whilst obviating others. A very obvious apjdication is in 
the case where a catal)’tic process proceeds too far with an active 
catalyst. By minimising the activity of such a catalyst or poisoning 
the more highly reactive patche.s with the recpiivsite poison, the reaction 
may bo stopp^-d at the desired stage. Many mvcistigafions info the 
conditioiis necessary to ficcure a good yield of a d»‘Sired product may, 
in reality, be unconscious applications of this procedure of beiiefieial 
poisoning. An exani]>le suggestive of this may lie (juoted 

Armstrong and flilditeh * have shown that in the catalytic de* 
hydrogenation of ethyl alcohol in tlie presence of oopj)er. tlie presence 
of water in tlie alcohol improves the yield of acetaldehyde relative to 
that of hydrogen. Thus, at dtHT t'., whereas anhydrous alcohol only 
gave an alileliyde-liydiogen ratio of 07 ])or cent. aIc(>hol c«intaiiiing 
8 per cent water gave a 95 j)er cent ratio. With the anliydroiis 
alcohol, there i.s a marked increase in tlie yield of gaseous jjroducts, 
principally methane, carbon monoxide, and earlton dioxide in addition 
to the livdrogen. It is evhlent that, with the anhydrous alcohol, 
secondary deiaunposition of aldehyde is much more prcmounce<l than 
with alcohol containing water. Thus, methane ami carbon monoxidii 
result from ime .such secondary dcconipo.silion : 


Evidently tlie water acts as a beneficial poison in tliat it ]»ois()nK the 
catalyst h)r such secondary dccomjmsitions, which apparently ri^ipiire 
a larger energy of activation, in all probability us a result of strong 
preferential adsorption on the cataly.Ht surface. Armstrong and 
Hilditch .showed, by passing aldehyde vapour tetgether wjtli water 
over a copperCataly.st, that the waii'r luul a considerable jirotcctivc 
influence on the aldehyde!. 

The dehydrogenation of alcohol in the jiresene^- of nickel occurs 
at lower temperatures than in the jiresence. of cojiper, but the s«‘coridary 
decomposition is very high. The data of Armst rong ami Hilditch show 
that dehydrogenation occurred at 250^ The aldchydi-liydrogon 
ratio was only 35*7 per cent and the evolved gas contained 60 per cent 
hydrogen. 20 per cent carbon Aonoxide, and 15-17 per cent methane. 
Evidently, in this case, the 8 per cent of water in the alcohol used was 
not sufficient to protect the aldehyde produced. It would be interesting 
to extend this study of dehydrogenation with nickel in the presence of 
water to see whether the secondar)' decomposition could be largely 
suppressed by increase of water content in the alcohol, since the low 
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yields obtained with co[)per at the higher temperatures could b 
partially restored by Hiieh an increase in water content 

Palmer’s study* of tins same reacliou in the presence of a coppe. 
catalyst indjeates timt alcohol itself plays the same role as tiie w'ater 
in the exponnicnts already cited He showed that, lielow C, 
the secondary jirodiiets wi're negligible when the dehydration of alcohol 
occurs; but, if a mixture of acetaldehyde and hydrogen is passed over 
the copper catalyst between 250'’ and dOO^ 0, iiiuch of the aldehyde 
is decomposed Ikiicroft has suggested * that such cases iniglit be 
called *' protective poisoning ” 

The same procisliire was used during the years I'.tlT foi the 
production of ethylene from iiIc<iliol m presence of kaolin Instead of 
a low teiii[)eratiire process, the readioii was condiirfed at red heat 
and the products were jirotected from decoiiiposilion bv using alcohol- 
water mixtures, even tliougli the process was dehydration 

The reseurclies of Uosentimnd, Zetsetie, and Jicise'* liave sliowii that 
partial poisoning may hi' used to attain new oiganit prepaniMons and 
to iiiani|iulale a given ri'aefion to yield vaiioiis desired eiul proiiucts 
Thus, if benzoyl ehloridi' is dissolved in piiie benzene ami tlien reduced 
by iiydrogen m presence of (sillnidal |>alladimn, practieallv no benz- 
aldehyde is produced If, instead of pure heii/ene, ordinarv biuizeiie lie 
used, a good yielii of lienzaldehyde is idilained This mdirales the 
presence in ordinary benzene of a siihstaiice or Mibstames which 
poisons the reduction of heiizaldchyde to lieiizyl ahoiidl Tliat the 
poisoiitiig IS due to the sulphur compounds in oidimirv lieii/em' seems 
probalilc from the fact that additions ot stilplinnscd nrgaiiii' compounds 
to pure benzene produced like elicits tpiinohne, (|umolme heated 
With siilfiliiir giving an im|)iire thioijiiiiiiuithreiie, ]iitiilied tliio- 
«(ilinanthrene, xantlione, and dimetliyl.iiiilme wen' all employed as 
beneficial poisons Thus, the addition of I utg of tiiiui|umaut!ireiie 
to a system contaiiiing 2 grins ol lieiizoyl cJdornle and 0 7 grin of 
palladium in Ri c c of xylene, gave a) leid of IS per cent of lien/aldehydc 
wlien reduction was curried out at 150° II Impure lliio(ji!muiithrenc 
under the same cireiimstancc.s gave a 90 per cent, yield If, instead 
of the sulphurised <|Uinoliiie, 0-1 gim of ilistilled (pimolmc was added 
to the xylene, praitically no benzaldehyde was obtameil, reductiuii to 
the benzyl alcohol stage occurring Tlie aiidition of xantlione to the 
reaction mixture promotes reaction between unchanged benzoyl 
clilonde and benzyl alcoliol with the formation of benzyl benzoate. 
This eater is tlie principal j>rodiirt when toluene is n.sed as solvent 
in place of xylene. In toluene, reduction of benzyl benzoate by 
hydrogen to toluene and benzoic acid does not readily occur, whereas, 
in xylene, this further reduction occurs freely Thus, with palladium 
partially poisoned m a variety of ways, the reduction of benzoyl chloride 
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by hydrogpu may be directed to yield, in the main, one or other of the 
sAibstances benzaldi'hvde, benzyl alcohol, benzyl benzoate, dibenzyl 
ether, or toluene, the product obtained being deterniined by the nature 
and amount of the added .substance. 

Zetsche has extended the work to the catalytic dehydrogenation 
of alcohols, with accompanying oxiilatioii of the hydrogen produced, 
by passage of airjthroiigh the solution. With copper a.s a catalyst, 
the yield of bonzaldehydo from benzyl alcohol tlissolved in eyineno 
is increased wlnm quinoline is addeil to the solution. Addition of 
nitrobenzene still further inereast's the yield. There is a possibility 
that in this case there is a coupled (‘atalytie reaction, dehydrogenation 
of the alcoliol and reduction of the mtro-compouud. Nickel and silver 
as catalysts are also more efticient wlien (piinoline is present, but, witli 
tln-se metals, benzyl ether and resins are )>rodueed. Much more 
detui!«*d study of these eases is needed before a eomjilete understanding 
of lh(‘ particular ineehanisnis can be attaineil. 

The vapour phase dehydrogenation of methyl alcohol to yield 
formaldehyde is probably also an additional ease in which bemdieial 
peusoning may occur. As is well known there is u con.^iderable tendency 
for the t(irmuldehy«le jiroduccd to lunlergo secondary ileeomposition 
to carlion monoxide and hy<lrogen. bow yields are fr-quent in the 
technical operation Steam may m this case he used as a protective 
pfuson 

Rate of adsorption and poisoning. In (atalyti< gas reaction-s the 
normal tilin' of contact of the (lowing ga.ses with the catalytic material 
is of sliort duriition. Thus, m the eus<' of amnnmia oxidation wdth a 
platinum gauze catalyst, the time of contact is of the order of a 
hundredth of a second. With such brief periods of contact it is 
evident that any decrease in the rate of adsorjitioii will have a corre¬ 
sponding eiTcet on the velocity of reaction.* It is well known that 
the attainment of equilibrium in adsorption from a mixture of gases 
is markedly longer than from a single gas. It is evident, therefore, 
that the effect of catalyst poison.s may Ih- due in ]iart to a reduction 
in the velocity with which .adsorption of the reacting substances occurs. 
No experimental data on this point are available, but certain figures 
in connection with charcoal adsorptions give tlie idea some support, 
Harned ^ has showm that the rate of adsorjition of ehloropicrin by a 
charcoal the surface of which has been cleane<| by washing with 
ehloropicrin, is much greater in the initial stages of ad.sorption than is 
the case with a charcoal whicdi has not been so cleaned, although the 
final equilibrium is apparently about the same in the two cases. Patrick 
and his co-workers^ have shown that the hysteresis shown in the 
adsorjition curves of gases on silica gel is to he attributed to the influence 
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of gaseous impurities on the velocity of adsorption of the gases beii 
studied 

Poisoning and poison concentration.-— The data of Maxted, alreac 
3 ite<l (p. 133), show a linear proportionality over a considerable ranj 
'or gaseous jicusons adsorbed on the catalysts from gases containin 
imali amounts of gaseous fioison The.se results are readily undei 
standable, since, for very low gas pressures, the adsorption of a gas i 
' essentially proportional to the gas pressure 

fu those cases m which the jioison concentration attains muc) 
higher values such simple relations will not hold, Thus, in tlu 
experfmeiita of llodenstem and Fink, the velocity of sulphur trioxidc 
formation from sulphur dio.vide and oxygen varies inversely as the 
square root of the sulpliiir tnoxide coiieentratioii In the reaction of 
3 arbon uioiioxide-air mixtures at quartz surfaces the rear-tion veloi'ity 
8 inversi'Iy proportional to the carbon monoxide coiicenfration 
janginuir has sliown ^ that special considerations as to the spaces 
loeiipied on the surface by the several gases may be aiidueed to 
ndicate the observed reaction mechanism In general, the reaction 
mechanism is deternimed by tlie distribution of the reactants and 
poisons between tiie gas phase and the siir/ncc layer of tin- contact 
mass. Tins distribution will be by im means cnnsfaiit as to ilic 
distribution of the [lojson witli wnle variations m the reactant con¬ 
centrations Hence, a varying reaction kinetics for one and the same 
reaction at diiTerent stages of tlie protess in presmice of a jioi.son can 
be anticipated Tlio data of IkKlensteiu ami Ins (o-worki-rs on the 
kinetics of heterogeneous reactions give abundant illustrations of this 
fact, Tlie distribution between the gas phase and the .surface mav 
also be iiillueiiced by the nature of the siirfaic, its comcntratioii of 
active patches This leads to the intriguing possibility that, by 
suitable preparation of tin- catalyst .surface, the deleterious eifcit of 
poisons may be minimised, a result wlucli would have eojisideiublo 
technical mi[iortance 

Poiioaiiig and t0mpefatnre.--Sinco temporary poisoning is generally 
due to adsorption on the surface of the catalyst, and since adsorjition 
is, in general, an exothermic process, it is evident that, vntii rise in 
' temperaturi', the fraction of the surfaci* winch is covered with poison 
at any given partial pressure of the poison will decrease The cotalytie 
efficiency of the surface will therefore increase at a greater rate than is 
the ea.se if no poisoning is present For. in addition to the normal 
increase in reaction velocity with temperature, there will be the increase 
idue to increase in available surface The temperature coefficient of 
a catalytic reaction poisoned by a temporary poison will, therefore, 
be larger than that of the normal catalytic reaction This point has 
been indicated by W C. McC. Lewis ^ It holds true whether the 
resultants of the reaction or a body foreign to the reaction is tho 
> J. Amtr. Ckm. Stx , 1«10, M, 2203 * J Cktm. Soc. 1919 iM mi 



poisoning constituent, provided the poisoning is attribut-able to 
reversible adsorption. If one of the reac'tants is responsible for the 
poisoning effect, the variation of reaction velocity with temperature 
will depend on the extent to which the surface is covered with the 
reactant poison. With the active surface almost completely covered 
with this poison a high temperature cooificient will result. As the 
temperature rises and the surface covered by poison becomes less and 
Jess, the conditions will change towards a state in which tlu* atisorhed 
poison behaves nmre and more a.s an ordinary constituent of the reaction 
process "it ceases to be a jjoison. 

There are few quantitative ineasiiremenfs which can he cito<i in 
support of these observatioiis ; there are, however, iminerous <{ualitativc 
observations whirh substantiate the conclu.siona. Tims, tJie inhibitory 
inffiience of water vapour, oxygen, and carbon monoxide on the 
synthesis of ammonia from its elements in contact with iron catalysts 
becomes progressively less important as tlie tem))erature rises. 
Dougherty and Taylor ^ showed that the poisoning <dleet of carbon 
monoxide on the vapour plmse hydrog(*iiation of benzene in presence 
of nickel was pronounced at 1(H/ (\, but b(‘came less effective as the 
temperature was raised. 

Permanent jtoisoiis, since they conipii'teiy <lcstroy ihc catalytic 
aeti\itv of the aurfaci* thov cover, do not j>roduee any abnormality 
in the temperature coedhoiimt. Their effect is to decrease the- extent 
of surface, to a degree iiidepctKlent ()f the temperature of operation 
of tlu‘ catalyst. 

Poisoning and apparent equilibria.--Bancroft has ])oiiifod out* 
that, in the case of a reaction jmisoned by om* of tlie juodm^ts. the 
apparent equilibrium attained will depend on the (pmntity of catalytic 
ag<*nt employed, if there i.s a large oxc*>ss of catalytic agent, the 
reaction will run to an end or true equilibrium ladore tlio cataly.st is 
entirely poi.soned. If, on the other hand, theni is only a small amount 
of catalytic agcml it will very soon be poisomnl and we .sliall Imve an 
apj)areut equilibrium reached from only one side, which will vary with 
the amount of catalyst used. As an exam])le of such a case. Bancroft 
cites tlm work of NeiUon * on the splitting of salicni and amygdalin 
by platinum black. In the former case the salicylic acid produced, 
and, in the latter case, the hydrocyanic acid produced, are toxic to the 
platinum. If means were taken to ensure removal of the. hydrocyanic 
acid formed, Neilson found that the splitting of the amygdalin proceeded 
further than in the absence of such precautions. 

This effect of poisons on equilibrium should be quite, marked with 
enzyme catalysts. In such cases there is the possibility that not only 
adsorption of poisons may occur but also agglomeration of the enzymes 

1 J. FkgsktU Chenu, 27. MS. 
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fta a result of the action of reaction products Ajiparent equilibria will 
result dependent on the amount of enzyme used Tins has already 
been observed ^ 


The Inikbitidv of Homooenrohs OiiEMifAL RMArTio.vs 

Catalysts la concerned, in the main, with the aeceliTation of re¬ 
actions occurring with diminution of free enerj’y Tlic catalyst may be 
distributed mol'Ciilarly m a liomogi'iieoiis reaction .system or it may be 
an interface m a heterogeneou.ssy.stem In tiie latter ca.se, flic catalytic 
ollicicncy of the surfaces may, a,s we liavo shown, Ix' diniini.s|i«-d bv the 
effect of poisons oonceiitrati’d thereon In iKiinogoiieoii.s s\'.sti'ina, 
wiicrc the catalyst, is nioleciilHrly dispersed, a retardation siilh'red by 
tho reaction sy.slein is not usually regarded as a (.use of poisoning, 
though the effect jiroduccrl mav, a.s we shall see, invo|v<- a merlianism 
very sinuiar to tliat involved in tlie jaiisfuiing <d an active centn- in a 
lict(‘rogeneoiislv distributed eatalyst It has been usual to characteri.se 
such cases of rctardiifioii in liomogencoiKS reactions by tin' ferni 
“negative catalysis'’ For several reason,s tlie term is not very 
suitable and it .seems prefcralili' to grou]i the many pli<‘[ioinena im Indu'd 
in the study under the more inclusive title, mhibition of liomtigeiieoiis 
oliemical ri'actioiis 

Catalytic reactions occur wlicn the change from an imti.al set of 
reactants to a final set of re.siiltant.s occurs more readily in jiresence 
of the catuiy.st than in its absence In liunmgcneoiis sy.sfems it lias 
been sliowii tliat thi.s necessarilv invoive.s some a,ssona(ion betweim 
reactants (A) and catalyst (C), whereby the products (H) rc,siilt iixiro 
rcaibly from the associated complex or com|H)iiJi(l (A ('} than from 
the reactants (A) alone The case strictly parallel to this iiivohing 
retardation, ]m|ilies an aa.sociatioti between A and (' such that the pro¬ 
duct R is less readily jirodnccd If the association assumed involved a 
very eonsiderable dimmulion in the active mass of A, it i.s evnleiit that 
a retardation would result It is evident, however, that this is by no 
means the only way m which retardation of reaction may occur If 
the reaction A to B be catalysed by the presence of a powerful catalyst 
X, then the addition of anything which will decrease the concentration 
of X in the reacting system will effect a retardation of the observed 
reaction process. It has bceu shown also in the discussion of the energy 
of activation of chemical processes (Chapter III.) that the possibility 
exists of tho energy produced by chemical reaction being transferred 
in some manner or other to roaotaut molecules, thereby activating them 
and causing a sequence or chain of reactions Any substance, adiled 
to a reaction system in which such a chain mechanism is [wssible, 

' Tiwnmaim, Zutxk pAyniat (.'Aem , ISaS. 18, 420 , Kastlc and LoeTCiihsrt, Anter Chtm. 
/. 1900. 34, 491. Bancrolt, J nyateai Ohm , 1918, 83. 39 
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and causing the length of the chains which occur to be shortened, will 
effect a retanlation of the reaction velocity. It is with a variety of 
retardinl chemical processes, involving one or other mechanism such 
as those just outlined, that the pre8(*nt section on the inhibition of 
homogeneous chemical reactions will deal. 

Historical. -Though loss assiduously studii^d, examples of inhibition 
have been recognis<Ml almost a.s long as examples of catalytic acceh^ration. 
Thenard,^ in liis investigarionsof liydrogon peroxide, fouml bothoatalysts 
and inhibitors for the decomposition of this substance. He showed that 
the peroxide was stable in acids, hut underwent rapid thermal de 
composition in presiunv of alkalis. The inhibitory power of oxygen 
on the ]jhotocliemieal combination of hydrogen and cldorine was early 
ascertained and received quantitative study in the idassical researches 
of Bun.sen and Koscoe.- It will be shown that this is one of many 
sucli inhibitions of photocheiuieai jiroet-.sses, including the inhibition 
of the ])liotoclieinieal decompo.sition of hydrogim jieroxide. Tlie study 
of reaetion kinetics in the early days of the development of physical 
chemistry proviihal numerous examples of inhibition suseeptible to 
quantitative study. The inllueiiee, on the liydrolytie activity of weak 
acids, of neutral salts having a common anion was a very striking 
exampl‘‘ of the inhibition of a caialy.sed reai-tion Tin* n .searches of 
Mulleron the inlnbitorv })ower of }iy<lrobromie acid in tin- liydrolytie 
decomposition of bronio-succime acid provided a good example of auto- 
inhibition or auto-retardation The re-iearches of Uigelow'^ on tho 
inhibitory power of such ^ul)'«tances as mannite. ben/.aldehyde, and 
benzyl ab-oliol on the rate of oxidation of sodium Hul[iliite. solutions 
by ilissolved oxygen initiatisl quantitative invi'stigations of the 
inhibitory jiower displayed in a wide variety of aiitoxidation processes. 
It is in the jirevention of autoxidation and in tlie jirc.servation of 
hydrogen peroxide that the jirincipal teclinical applications of inhibition 
hav<' been made. Water ha.s been shown to function as inhibitor in a 
number of reactions occurring in nonoupieous solvents, Hredig and 
Lichtv ^ investigated the retarded d<'Composition of oxalic acid in 
concentrated sulphuric acid solutions when minute ainount.s of wafer 
arc added Water similarly inhibits tlie conversion of aeelophenoximc 
to acetanilide in sulphuric aci«l solutions,^ and also the decomposition 
of tricthyl sulphine bromide’ in acetone and acetic a<‘id solutions. 
The most important example, however, of the inhibitory power of 
water is in its action on the esterification of organic acids in alcoholic 
solutions, as investigated by Goldschmidt and his co-workers* and by 

1 rhim. Phvs.. ISIS. 9. .114. 

* Po(/g. .4nti.. 18W, Dfi; 1857. 100; 18.>7, lOl ; IS.W, 108. 

« ph!f»ibil. Ckem.. 1902, 41, 48.1. * Zn{«;h. phynhiJ. Ch^m.. 189.1, 12, 329. 

* Zeitteh. Eleiimchtn., 191.10, 12. 450 ; •/. Phy^intl iooT, 11, 2.'i6. 

• liQbrj’ do Brtiyn and Sluit<T, Proc. Akad. WdenucJuip AmM., 1904,6. 773. 

’ V. Halbao, Ztiiech. jAystkai. Chem., 1909. 67, 129. 

• Ber., 1895, 2S, 3218, 1906, 39. 711 ; ZtU»eh, Ettkirochm., 1906, 12, 432. 



'Lapworth and his stndeida.^ In the decomposition of diazo-esoers m' 
alcohol,^ water is also an inhibitor 

Classification.--It is difficult, m the absence of any well-defined 
body of scientific opinion aa to the precise mechanism of inhibitory, 
action, to adopt a completely satisfactory classification of inhibited 
reactions. Tentatively, however, it seems desirable to base a system 
of classification an the several mecbanisins which have already been' 
offered in explanation of the pbetiomenu, and to di.scuss the more 
important individual examples of each type in some detail The 
inhibited reactions may be discus,sed under the fdltowinK headings 

(«) Keuctioiis inhibited by reduction of the concentration of a 
positive catalyst 

(i) Reactions iidiibited by reduction of the concentration of a 
reacting constituent 

(c) Reactions inhibited by dmiiimtion of a etiain of reactions in 
which activating energy is produc'd 
It will not be possible m every ease to assign a given inhibition ' 
with ciTtainty to one or other of those classes Otlier classes of 
inhibition may also be required blxpiTinimital work is needed before 
such can be acoompIislKul 

Reactions inhibited by reduction of the concentration of a positive 
catalyst. —Tins class was formi'Hy the most important (dass of inhibited 
reactions ft was didiuitely established iiy the work of Titoff ^ on the 
rate of oxidation of sodium sulphite solutions by (lis,solv)‘rl oxygen. 
Ibgeiow ^ and Young ^ had shown that a bewildering variety of chemical 
agents diminished the rati- of oxidatimi of such siilistaiiees Titoff 
was aide to show that the ()rosenci‘ of exticmely minuti' amounts of 
foreign substances, for cxarajilo lU'*’ molar cojiper siilpliute, was 
siillicieut to produce a jiercoptible acceleration of tlie rate of oxidation 
of such solutions Luther is credited by Titotl with flic concliisioif, 
from a quantitative study made by (he latter, that tlie function of 
the inhibitor was to siipfiress these jiowerfiil positive catalysts and so 
retard reaction TitolF found that the rate of re.action was inversely 
pro|K)rtion!il to the concentration of inhibitor, I Ho attributed this to 
the formation with the catalyst, 0, of an inert comple.x, IC, whence, 
by tlio law of mass action, for the jiroccss. 


i-^c;zic, 


1CJ = A- 


,[IC1 

[!)' 


The square brackets denote concentrations, and A’ is tlie mass action 


1 J Chm SiX-. 1W8. 9a 2107, 2187 

•“ Brodig and Krankpl, Zt\tsch pAy.nfcil CVm , 1907, #0, 202 

* 'leMyk pAyMia/, Vhtm, 1903. 46. 611 

* Zeitici pkyiilcal Chem, 1883, 26, 493 

» J. Amr am Hot , 1901.23,118, 460; 1902.84, 297. 


• constant. If the measured rate of reaction be proportional to [C] it" 

\ will also be proportional to . and, therefore, inversely as [I] so 

long as [C} is small compared with [1], or, alternatively, so long as the 
' concentration of complex [IC] is relatively large, for then [ICJ can be 
regarded as constant. 

Titod found in the enormous sensitivity of reactions to minute 
amounts of accelerating catalysts a ready e.xplanation for the extremely 
small amounts of inhibitors which were found, in the studies of Bigelow, 
Young, and Titoll, to be adequate for the inhibition of reaction. 
Titoff's explanation became, eonsequeutly, the most quoted explana¬ 
tion of inhibition. While it is undoubtedly true that such a mechanism 
will yield the observed inhibitory reaction, it is also certain that 
Titoff’s explanation may not be the only reason for inhibitory action 
even in the jiarticular case of sodium sulphite oxidation ; nor is it the 
only explanation lor the minute amounts of inhibitor required. It 
will be shown in other sections that further possibilities exist. Such 
possibilities might even be forecast from the variety of inhibitors found 
for the reaction. On Titoff's view, one would be compelled to assume 
a very varied aeries of comjilexes between the active catalyst, say the 
co]iper ion, and the inhibitors studied. 

The inhibitory power of water in the esterification of acids in 
alcoholic solutions and in the decomposition of diazo-csters in alcoholic 
solutions, as well as the well-known action of neutral salts of weak 
organic acid.s on the hydrolysis of esters in aqueous solutions in presence 
of the corresjionding weak organic acids, jirohably all represent complex 
cases of the Titoll tyjie of inhibition. In these reactions the hydrogen 
ion, in one or other form, either non-hydrated (Lapworth) or alcoholated 
{Goldschmidt), is a positive catalyst for the reaction. The changes in 
ionisation and in the extent of hydration or solvation due to the 
addition of the inhibitor are the comiilex factors in these cases. They 
arc dealt with in detail in appropriate sections of this book.' 

The inhibitory power of water on the decomjiosition of oxalic acid 
in concentrated sulphuric acid solutions * and on the conversion of 
acctophenoxiine to acetanilide “ in the same solvent, may also be 
attributed to the removal of a positive catalyst, in this case sulphur 
trioxidc, from the solution by interaction with the added water. The 
former of these, two cases has been particularly well e.xarained from 
the standpoint of reaction kinetics. This mechanism of inhibition is 
in agreement with the observation that when O-Ob per cent of water 
, is added at 25° C. the time required to secure the decomposition of 
oxalic acid increases to over sixfold of that required when no water 
has been added, and that when the amount of water reaches 0-1 per 

* Seo p. 160 et »tq. 

* Brpdig and Isicbty, ZeiUch. EUldroeJum., 1906, iZ, 450 ; J. PhyticaX Chtm., 1907, il, 26$. 

’ Lobry de Bniyn and Sluiter, Pnx. Ahad. W^nackap AmM., 1907, $> 773. 



cent the time is increased nineteenfold.’ It is also m agreement with 
the influence of temperature on the inhibitory power, this decreasing 
as the temperature nses, and is also in agreement with the abnormal 
temperature coefficient of the reaction, 4’42 at 25° C and 3-35 in the 
interval 70°-80° C This high coefficient is to be attributed to the 
]oint operation of two factors, the increase of the concentration of 
9 O 3 catalyst with increase of temperature and the ordinary increase 
in efficiency of the catalyst with temperature Bredig and Liclity 
showed that alkali sulphates also retard the decomposition Since 
these form double compounds with sulphuric acid they would also tend 
to suppress sulphur trioxide in the acid solution 

All ^ of these facts arc in agreement with the assumption that the 
inhibition is attributable to compound formation between activated 
molecules of sulphimc acid and the water molecules as an alternative 
reaction to compound formation between the active snljihunc acid 
molecules and oxalic acid, which may he regarded as the proliiniiiary ‘ 
stage in the oxalic acid decomposition The alkali sulphate would 
behave similarly Making use of compound formation as a criterion 
of inhibitory power, Taylor found ® that acetic acid and dim<‘tlivl 
pyrone both behaved as inhibitors of oxalic acid decomposition If 
this mechanism were the correct one, the inhibitions would fall among 
tliosc in which the reactant rather than the catalyst was removed by 
the inhibitor That the function of the water miglit bo the removal 
of catalytic suljihur tnoxido appears more probable to Chnstiaiiacn,® 
who points out that it is supported by tlic observation Hint deeoinpoai- 
tion of oxalic acid is very rapid m sulpliunc acid to wiiieli sulphur 
tnoxide lias been added 

A recent research by Whitford * on the deromposition of malic 
acid in sulphuric acid solutions, and a comparison of tbe results ol)t.ained 
with the earlier work of Lichty on oxalic acid and the researches of 
Schiorz ^ on formic acid, lends some support to Taylor’s theory 
Sodium, potassium, and silver sulphates, water, dimethyl pyrone, and 
acetic acid arc all found to exert an inhibitory action in the order 
which the mechanism of compound formation would forecast, that is 
to say, it is greatest with the sulphates and least with acetic acid. 
Sulphur tnoxido in small concentrations has no effect, in large con¬ 
centrations it inhibits tbe reaction, both results contrary to what one 
would expect on Christiansen's view that the activity of sulphuric 
acid IS to be attributed to its sulphur tnoxide concentration, The 
relative effect of water on the rate of decomposition of oxalic, mahe, 
and formic acids in sulphuric acid is also m agreement with the theory, 
being most marked with the strongest acid, oxaUc acid, and least 
with formic acid Furthermore, as with oxalic acid, the temperature 

* J. Phj/nMl Chfm., 1933.27. 322. * T'npubUfhed eipcnmenta 

* J. Physical Chem, 1024. 28.145. ‘ J jimr. Chm Soc, 1925.47, 863. 

* J Aner Chtm Soc., 1923, 46,447. 



buo reaction rate is abnormally large, the average value 
fheing 3*72 for a ten-degree interval from 20“ to 50“. 

Reactions mhibited by reduction o! the concentration ol a reacting 
constituent.—It is quite possible to formulate a series of general cases 
in which inhibitions by reduction of the concentration of a reactant 
shall occur. Thus, for example, in any reaction in which one of the 
actual reactants in the process is the ion of an electrolyte, the un¬ 
dissociated electrolyte being either non-reactive or of a lower order of 
activity than the ion, inhibition will occur whenever any substance is 
added to the reaction system which represses the. dissociation of the 
electrolyte whose ion is reactive. Conversely, in any reactjon in which 
the undissociatcd electrolyte is more reactive, than its ions, inhibition 
will occur when, to the reaction system, substances are added which 
will increase the dissociation of the ch‘ctrolyte. If in a reaction of 
cither type just discussed.the inhibitor re.sults from the reaction, the 
system will show auto-inhibition or auto-retardation. Examples of 
these several types are well known and have been comprehensively 
studied with respect to reaction kinetics. 

Midler ’ studied the inhibitory action of hydrohromie acid on the 
hydrolysis of bromo-succinic acid. Since the hy<lrogoii bromide results 
from the hydrolytic proces.s, this represents an exainpli^ of auto- 
• inhibition. Miiller showed that the equation 

dxdt-h 

X 

more nearly represented the effect of the concentration, .r, of the 
inhibitor, on the rate of reaction, than does an oijuation formulated by 
Ostwald for an auto-inhihiti'd process : 

dxldt - /:j(a -x)~ l^xla - x). 

That this expression of 0.stwald cannot be generally applicable is evident 
. from the observation that, with certain values for il-, and the value 
of dx/dl would change sign; that is, the reaction become zero, or would 
even reverse itself—which has never been observed. 

Senter and Porter,^ dealing with the ioHuence of the hydrogen 
' halides on the hydrolysis of the several halogen ae.ids of acetic, propionic, 
and butyric acids, with the inhibitory action of nitric acid on the 
reaction between bromo-substituted aliphatic acids and silver nitrate 
an alcoholic solutions, and with the problem of inhibition in general, 
showed that the term involving the inhibitor concentration normally 
appeared in the denominator. They showed that, in the reactions 
of the halogen-substituted acids with water, both the undissociated 
. molecule and the anion of the acid undergo hydrolysis at rates definite 
«hnd distinct for each acid and each ion. Retardation is produced by 
;Jbe halogen acid formed, in those cases in which the rate of hydrolysis 
» Zeiixk. pkynial. CAm., 1902, 41 . 483. * J. Cktm. Soe., WU, 99. 1049. 
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of the ion w faster than that of the undiesociated molecule This is' 
Ahe case, for example, witli bromo-propionic anion and acid The 
inhibifion is, therefore, due to the function of the strong hydrogen 
halide in altering the relative ratios of the more active anion and the 
less active molecule of the weak acid They developed the mathematical 
efjuotions expressing this explanation and showed that the. con- 
eentration of inhibitor appeared m the denominator of tlic equations, 
in agreement with their experimental observations 

The inhibitory power of water on the velocity of decomposition 
of triethyl aulphme bromide m acetone and to a less degree in acetic 
acid solutions, may be explained on the assumption that the addition 
of water increases the dissociation of the bromide in the solvent. If 
the undissociated molecule alone undergoes decompo.sition, then the 
meeliaiiism of the inhibitory power is manifest This assumption 
should he tested Kiirthermore, it should be noted that this reaction 
also shows a high temperature coetfioicnt of 3 per lO" rise in temperature 
with a water comentration as high as G-7 fier cent The reaction also 
shows an exponential increa.se in the effect of the concentration <if water 
on the reaction velocity. These observations must lie aeeouiiti'd ter 
111 a completely satisfactory explanation of this inhibition 

A well-known case of inhibition, namely the inhibitory power of 
hydrogen bromide and of loiline, on the thermal and the jdiotocheimcal 
combination of hydrogen and bromine, first studied m detail by 
Bodenstem and Lind,* has recently been elucniated It furnishes a 
further example of a reaction inhibited liy diminution of the con¬ 
centration of one of the reacting spei les Bodenstom and jjind showed 
by a study of the. kinetics of the thermal combination that the rate 
of formation of hydrogen bromide could be repre.sentod by an cijuation 
of the form 

42 HBr 1 /[Ha]\/fli^ 
dt '■ ■ i2HBr] ’ 

”*+-rb r 

[Br,] 

where the square brackets indicate concentrations of the several 
reacting species The form of the equation clearly shows the inhibitory 
influence of the hydrogen bromide formed The explanation of this 
singular equation wa* suggested, approximately simultaneously, by 
Christiansen,* Polanvi,* and Ilerzfeld * These three investigators 
assumed that the initial action was a dissociation of bromine into 
atoms; 

Br,=2Br. . . . (i.) 

1 Zftlxk i>hy»kal. Chem , 1906, 67, 168. 

* Daiuk Vul. Math Pkyt Mtdd, 1910,1.14. 

^ Zetlxh EUMroehttn., lOL’O, S8, 50 

• ZeUnM ElsUrwim , 1019, 26, 301, .4<«n. Phy»lc, 1919 (4), 69. 635 
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By collision of such a bromine atom with a hydrogen molecule, reaction 
occurred occasionally thus: i 

Hj + Br^HBr + H.(ii.) 

The resulting hydrogen atoms could disappear in two ways: 

' H + Brj = HBr + Br .... (iii.) 
and H + HBr = Hj + Br. . . (iv.) 


Finally, the bromine atoms, which would otlii'rwise accumulate and 
produce an over increasing reaction velocity, must maintain themselves 
in a stationary state by reason of the reverse reaction to (i.) 

‘iBr-Brj. 

Such a se(picnce of reactions gives a kinetic, equation of the form 
obtained by Bodenstcin and Lind. On this basis, the inhibitory power 
of the hydrogen bromide is to be attributed to it.s capacity to remove 
hydrogen atoms .from the reaction system, the.se hydrogen atoms being 
producers of hydrogen brotnide by reaction (iii). The inhibitory 
imwcr of iodine is similarly e.vplained as due to the reaction 

H + L-lfl + l, 

the iodine atoms being too inert to bring about reactions similar to 
tho.se between bromine utoni.s and hydrogen. 

This theory of the mechanism of the inhibitory action of hydrogen 
bromide and iodine, together with thi‘ observation <d light .sen.sitivity 
of the hydrogen-bromine reaction at higluT temperatures, has led 
Bodenstein and hi.s co-workers ' to renewed study of the reaction 
process. The interesting conclusion from this work is that bromine 
atoms arc by no moans so reactive as lia.s been jajstulated in recent 
theories of reaction mechanism. Bodenstein and Lutkemeyer ^ con¬ 
clude that only 1-25 per thousand of the collisions between bromine 
atoms result in the formation of bromine molecules. 

Reactions involving a chain mechanism and showing inhibition 
phenomena.— T/te hydwgen-cMmine conihitialinn.- 'Thu photochemical , 
combination of hydrogen and chlorine is the best known example of 
this class of phenomena. As has long been known, the photo-reaction 
of the two gases is enormously sensitive to traces of im|)uritie8. In 
this respect ammonia and nitrogenous organic bodies are especially 
powerful inhibitors of reaction. Special precautions to remove such 
impurities are necessary if a sensitive reaction mixture is to be , 
obtained.* Oxygen, however, forms a very efficient inhibitor of the " 

* Zettneh. Ekktrocim., 1924, 30, 4lfl; ZtUtch. phynikal. CKcrn,, 1924,114, 208. 

* Zeitxh. phyatkal. VKcm., 1924, 114, 208. 

’ tjeo Cfa«pman &nd Bur^ss; ChapmM and Mao>Iahon, J. Chm. Soc., 1906, 89, 1403; 
1909, 97, 845; tM-. for a conctac suramary. Trtatiae on Physical Chmistry, chap, xvlij. pp. , 
1218.1228 (MacmiUan i Ca, 1824). 
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reaction, and its influence has been studied kmeticalJf hy severit) 
■ workers since the original classical investigations of Bunsen and Roscoe ^ 
It has been shown that the rate of the hydrogen-chlonne combination 
is approximately inversely proportional to the amount of oxygen present 
in the reaction mixture 

By comparing the light energy absorbed by the system with the 
eJicinical energy produced as a result of the light absorption, Bodeustein 
showi'rf," in 1913, that there was an enormous divergence between the 
two quantities in a sensitive gas mixture Thus, Bodenstoin calculated 
that, in his most sensitive mixture, for every quantum (h) of light 
energy absorbed, as many as 10* molecnies of chlorine were caused 
to react This large divergence from expectations based upon 
Einstein’s Law’ of the Photochemical Equivalent,^ according to which 
there should be equivalence, in pure photo-reactinns, bctw’cen light 
energy absorbed and chemical energy produced, led to a nurnlier of- 
theories^ to aeeomit lor the excessive amount of reaction produced 
by the light Of those, the most popular has been that of Nernst, 
which, altliough far from being completely satisfactory as an ex¬ 
planation of at! tiie, facts of tiie pliotochemica! combination of hydrogen 
and chlorine,'’ nevertheless illustrates well the idea of a chain of reactions 
and has led to a more detailed study of reactions, which deviate widely 
from the Einstein Law of the Photochemical Equivalent Nernst 
aasiiined that the initial absorption of light resulted in a dissociation 
of a chlorine molecule into atoms • 

Clf/<v=2(ll 

These chlorine atoms w’ore then able to enter a senes or chain of 
reactions, each reaction occurring with fn-e energy decrease and 
therefore apontAiicoiis, whereby, iii each, hydrogen chloride and either 
hydrogen or chlorine atoms were produced 

Cl + Hj = HCIiH, 

H +Cl,-=11014 01 

Such reactions continued until the hydrogen and chlorine atoms were 
lost cither by recombination with each other or lu some other manner. 

It 18 easy to show tliat such a mecbaiiism cannot have general 
applicability. It breaks down, for example, when we come to consider 
various other halogenatioii processes lu which a similar disparity exists 

1 S»e. for exampK J Chm Soc, ISUV, 97. S4S, 1910, 116, 1264, 1023, 133. 3062, 
fkytikni Vhtm, 1013. S8, 207 

*'ZetlwA phyi\kal Chttu, 1913.86. S6l. 

’ Ann Physik, 10)2. 97, S32 , kerh Daut Phyatkd Oet, 1016, 18, 310, 

* ZtUsch. Sldtmdem. 1018 , 32, 68 , 1918 , 34, 336 , ZeUtch jAynial Cktm. 1913 , 86, 
381 . 1023 , 108, 426 ; Btr. 1923 , 88 , 696 

‘ S«o TreaMt on Pkyneal Chtmulry, ohtp xvui p 1226 (X> van Kaslr&nil Co., New 
York. 1924, MMmidUn A Co, Loodon, 1926). 



'between light energy absorbed and chemical energy produced. It ' 
would be difficult to devise analogous chain systems to the above for* 
the reactions between carbon monoxide and chlorine, methane and 
chlorine, xylene and bromine, in all of which, however, marked devia¬ 
tions from the law of the photochemical equivalent occur and which 
also show great sensitivity to the presence of inhibitors. The eiistenco 
of such deviations from photo-equivalence demands, however, some 
mechanism of reaction whereby initial photo-process is succeeded by 
a very large number of spontaneous processes, the activating energy , 
for which must come from the reaction energy produced in the processes 
set in motion by the original photo-reaction. The nature of the 
energy transfer involved and the steps by which it is achieved are, at 
■ the moment, quite, unexplained. The problem involved forms a most 
important phase of our study of the mechanism of chemical change. 

It is more important and more complex by reason of the fact that such 
a succession of reactions can be disturbed or diminished by the presence ■ 
of small quantities of inhibitors. In the succeeding paragraphs 
examples will be multiplied of reactions which involve some type of 
chain mechanism and show also the phenomenon of inhibition. 

In the case of the hydrogen-chlorine combination it is known that 
the nitrogen-containing organic inhibitors are consumed in the course 
of the reaction. Their effect, therefore, progressively decreases as the 
reaction proceeds, and it is to the pre.sence of such bodies that the 
well-known phenomenon of the induction period in photo-halogenations 
is to be ascribed.* As regard.s the. function of o.xygen in the inhibition 
of the hydrogen-chlorine combination, VVeigert ^ and more recently 
Rideal and Norrish ’ have shown that cblorine sensitises the reaction 
between hydrogen and o.xygen to visible light, and that oxygen is 
removed from the reaction mixture as water vapour. The reaction ' 
velocity is proportional to both the chlorine and the o.xygen concentra¬ 
tion, so that it seems that the excited chlorine molecide transfers ita 
energy by collision to an oxygen molecule, rendering it reactive thereby. 
With regard to the traces of oxygen normally jiresent in the mixtures 
■ used in the studies ot the hydrogen-chlorine comhination, uo special 
experiments have been made to ascertain what products result from 
' their presence nor the mechanism of their inhibitory action. Boden- 
stein * assumed that the oxygen was, in some manner, maintained at 
constant concentration throughout the reaction. Tliis point requires 
further study in view of the above study with higher concentrations.; 
of oxygen. The presence of oxygen, however, even in small con¬ 
centrations, decreases the length of the chain reactions initiated by the 
absorbed light, and, as far as present data show, to an extent pro- 
prrtional to its concentration in the hydrogen-chlorine mixture. i 

' » Cbspmim and oo-worken, J. Chtm. See., 1906. 89, l«)2i 1909, 97, 845. iSco al», 

, however, end Barker, J. CkeM. 8og., 1921,118, 663. ^' 

'% • Ann. Physik, 1007 (4). 84> M, 243, ^ 

C 1. J. Ckm. 8oc., 1926,117, 737. * * UHkA. ^ytikd. CUnu, 1924, 1K 208. 
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A fuTther insight into the mechanism by which chain reactions are' 
stopped by inhibitors present in small concentrations has been gained 
by the investigations of Weigert, Coehn and Jung, and Norrisb (see 
av(r, p 151) on the hydrogen - chlorine reaction The hydrogen- 
chlorine mixture is only sensitive to visible light in the presence of 
minute amounts of water vapour The exfieriments of Nornsh indicate 
that the photo-sensitive reactant ib a chlorine water complex , this 
complex when excited by absorption of radiation is chemically reactive 
in starting chains This may be due either to an enhanced stability 
or life of an excited chlorine molecule or to the direct formation of 
hydrogen chloride according to the reaction —>-2HCl f {{20 

Fiirther experiments are required to elucidate this point In the presence 
of inhibitors such as ammonia the free water is remove<b and on excita¬ 
tion of the remaining chlorine reaction with aminoiiu tabes jilace; 
tliiis inhibition results by stopping the chains from coinmeneing, 
not from breaking a chain which has already been started 

The inhiktion oj hydrogen - jieroxidi' deconiposition — The de¬ 
composition which solutions of hydrogen peroxide undergo both 
thermally and ]thotoclicmically can be inhibited by suitable additions 
of selected substances Acids of all kinds, salts such as soilium and 
calcium chlorides, sodium pyrojihosphate, niagnesiiini sdicate, alcoliols, 
glycerol, ether, esters, naphthalene, amines, phenols, acetaiiilnle, are 
ty])ieal agents of inhibition * The last-named substance lias found a 
considerable techiucal a[qilioatioii for this purpose and jwssesses a <iual 
efficiency both for the thermal and the photochemical deconi|iosit]on 
This dual efficiency is not always obtained The presence of alkalis 
markedly accelerates the thermal decomposition and niliilats the 
pliotooheraical decomposition, a factor which is not yet satisfactorily 
explained 

The photochemical studies of the decoiuposifion procc'^s have 
provided the experimental indication that the reaction m (piestion 
lias some type of chain mechanism llenri and Wuriuser- showed 
that the light absorption was weak, and that as many as IDd molecules 
of the peroxide ore decomposed for every quantum of light energy 
absorbed This eonelusion has been verified by Kortifeld ^ using 
monochromatic illumination and exact methods of energy absorption 
measurements Her results show that the actual iminber of molecules 
docomjiosed jier unit of energy absorbed increases with increasing 
concentration. In solutions 0-016 normal with respect to peroxide, 
twenty-four molecules decomposed per quantum. In 005 normal 

' For a auiomarv c>l the pIir>t<io)i«mic<kl literature t«e Aiidpraen and Taylor, J Amtr Chem. 
S<K, 1924, 4S, 060, 1210 For the literature of the Ihermal deoompceition aee Dana, Chim 
AVeuw, 1864, 46, 226, Saiutier, Buil Soc cAim i2). 1885, 44 . 109. Kingzvit, J Soe CAfm. 
/«!, 1800, 8. 3 , J Soc. Chrm Ind. 1906, SS. 1219, 1908. S7. 1214. 1909, S8. 1314, 1910, 
S9, 159, £ttll, Soe Ind. UtilhouH, 1895, 78, 1897, 65, (layton, Tniu Farad Sot, 1916, 
11, 164. 

» Cmfl rmd. 1913,186.1012, » Zttlaek, inw. Pkoi, 1921, W, 
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solutions, the number had risen to seventy*s€ven molecules. Evidentlf 
the chain mechanism becomes more elficient in the more concentrated 
solutions,.or whair is the same thing, solvent water molecules break the 
chains. In acid solutions of the peroxide, the number of molecules 
decomposed per unit of energy absorbed is markedly lowered. Henri 
and Wurmser^ listed a number of inorganic compounds which inhibit 
the light reaction, and in the following year Mathews and Curtis * 
added a number of organic and inorganic compounds. They failed to 
obscr^-e any properties possessed in common by the inhibitors. Recent, 
investigations by Anderson and Taylor * have tended to elucidate the 
mechani.sm of certain of these inhibitions. Tlie inhibitory effects 
exhibited by typical organic compounds of known alworption spectra 
were examined in four definite spectral regions of the ultra-violet. 
The. inhibition by .such agents was assoeiatcMl with tlie absorption 
capacity of the compouiKl.s for ultra-violet light. A striking correlation 
between these two factors was obtained in the case of benx(‘nc, several 
esters, acids, amides, ketones, and alkaloids. The inhibitors act more 
efficiently when in the peroxide .solution than when in a screening 
solution of similar tliickness and coneontration. This is doubtless f.o 
be as.s()ciatp({ with the existence of tlie chain reactions already men¬ 
tioned. These inhibitors act therefore in a twofold capacity. They 
absorb some of the ra<liutjo!i wliich might activate hydrogen peroxide 
molecules. Thi'y ap])arentlv, also, break whatever chain im^chanism 
may he se;t up * to account for tlie abnormal photochemical yield. Not 
all inhibitors act in the fornx'r cajuuity. C’«*rtain alij>hatic alcohols 
and amines, halogen, hydroxyl, and liydrogen ion,s act as inhibitors, 
although quite diactinic in the ultra-violet. Possibly adsorption of 
the inhibitor on tlie active portions of tlie ri'action ve.ssel, resulting 
in a decrease of the number of chains started, may be found to j)lay 
ail important part in the process. 

Oxidation processes.—It has already been jminted out that in 
many processes of oxidation the inhibitor may act by removal of 
a powerful positive catalyst, the o-xidation of sodium-sulphite solutions 
by dissolved oxygen being studied in detail by TitofT, The number 
of such autoxidatioii reactions sensitive to inhiliitors has been largely 
increased by various investigations, among wliich some of the more 
important arc due to Moureu and Dufraisac.® Their earliest work 
showed that the prevention of autoxidation of a variety of substances, 
for example benzaldehyde and acrolein, was possessed by phenolic ; 
compounds. The efficiency of such compounds was remarkable. One 
molecule of hydroquinine in every 40,fX)0 molecules of acrolein served' 
to make the autoxidation of the latter negligible. Analogous results; 

» Compi. nnd., 1913, 167, 284. • J. Physical Ckm., 1914,18, 621. I 

• J. Amr. Chem. Soc., 1923, 45. 680, 1210. , 

• See Kornfeld, he. cit., and Nernst and Noddack, preuts. Akad., 1923, 112. ^ 

• Compi. rend., 1922, 174, 268; 1922, 176. 127; 1923, 178, 624, 797; 1923, 178, 824.« 

1498, 1661; 1924, 178, 237. ^ 
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were obtained w'lth eueb autoxidisable substances as acetaldehyde; 
chloral, [irojiioiiic aldehyde, anisic aldehyde, cinnamic aldehyde, 
hydrocinnamic aldeliyde, furfurol, styrolene, turpentine, linseed oil, 
nut oil, and butter Furthermore, various secondary phenomena 
which often accompany autoxidation processes generally related to 
molecular condcuisations and manifested by changes of colour, pre¬ 
cipitates, change in viscosity, rancidity are also inTiibiteJ by such 
additions Thus, furfurol, instead of turning deep black, remains 
almost colourless, acrolein no longer yields dis-acryl, a polymerised 
product, styrolene remains fluid, linseed oil can be exposed in thin 
layers without losing its fluidity; fatty bodies do not become rancid 
Further afield, Moiircu ami Duframe have noted tlic French 
patent to the Societh Aiionyma Co-operativa (1905), wliiili claims the 
protection of silks against light, heat, and atmospheric action by means 
ot thiourea, hydroquinine. and their derivatives, thi.s patent l)eit!g a 
product of the mvcstigations of Sisley and Scyewetz , * also a Gorman 
patent (1918) to the Badische Amlin- und Soda-Fahrik claiming the 
protection of synthetic rubber against autoxidation by the [ucsence 
of phenolic compounds Gillet und Giot ^ have noted tliat materials 
dyed with azo dyes and cosin dyes are protected against colour changes 
by such iiihihitors as Moureu and Diifransse have studied lliiliber 
oxidation is inhibited by tanmn and bydroijumone ^ 

Moureu and Dufraiase reject the Titoff concept of suppression of 
a positive catalyst and liave formulated a theory of mechanism ■winch 
seeks the theoretical solution of the jiroblem of autoxidation in the 
“peroxidation” of both autoxidant and inlubitor, followed by niter- 
action of the two oxidised agents to regenerate both initial substances 
and elementary oxygen. 'I'hus, i£ A be the autoxidisable .substance 
and B be the inhibitor, the sequence of reactions would be 
A + 03=A(0a), A(0 j)4-B=A{0) + B(O}, 
A{0)-i-B(0)=A + B-(-02; 

or alternatively, 

A-i-0j=A(0)j, 

B + 0,=B(0,), 

A(0a) + ]3f0a) = A + B + ;i0s. 

The later papers of Moureu and Dufraisse have been concerned with 
iata designed to prove this mecliani.sm, inhibitjOts such as iodine and 
odino compounds, compounds of sulphur and of phosphorus having 
oeen studied. They note that most inhibitors are easily oxidisable 
mbstances. 

It has long been known * in connection with induced oxidation 

> BmO. .Soc. ]»22.81. 672 * CompL rni. 1923. tn, 1402. 

’ Ciwptrwii. 1023.177.204, P.P.»90O7/1919, * Se«Obiter VII. * 






Iptocesses that, during many processes of autoxidation, for every 
■molecule of oxygen consumed by the substance undergoing oxidation 
a molecule of oxygen was simultaneously activated and could react 
to form ozone, hydrogen peroxide, or in the presence of other autoxidis- 
able substances could oxidise them, frequently causing oxidations 
which cannot be accomplished by ordinary atmospheric oxygen. One 
such case, studied by Jorissen,' is the oxidation of potassium arsenite, 
present in solutions of sodium sulphite undergoing oxidation. Oxidation 
of arsenite solutions by dissolved oxygen does not occur. In presence 
of sulphite, however, equimolecular quantities of the two oxidation 
products are obtained. In the induced reaction the oxidation of 
the sulphite is materially lower than in the absence of arsenite. The 
latter can therefore be regarded as an inhibitor of the sulphite oxidation., 
Jorissen suggests - that the oxidation of a sulphile-arsenite complex 
obcurs. Moureii and Bnfraisse have elaborated their theory ® to explain 
these cases. Such special explanations cannot have general applicability 
■ since it is certain that in many cases o.xidation of the inhibitor does 
- not proceed at the same rate molecularly as that of the autoxidis- 
able substance. Furthermore, it would be desirable even in the 
case of sulphite-arscnite mixtures to ascertain whether the relative 
amounts of the two oxidised doe.s not vary with the concentrations 
present. 

Kcasoning from the existence of chain reactions in photochemical 
processes and from the form of the kinetic e({uation of a simjilo bi- 
molccular reaction involving collisions, Chri.slian.sen ^ concluded that 
reactions sensitive to inhibitors, thermal as well as photochemical, 
might involve a chain mechanism. Kcactions in which a minute 
amount of iuliibitor effects a very considerable reduction in reaction 
velocity would, in such case, be tho.se in which the length of the chain 
in absence of inhibitor is great, as in the hydrogen-chlorine photo- 
' reaction already discussed. There appears to be no ready method of 
ascertaining whether a purely thermal reaction has a chain mechanism. 
Photo-reactions, however, can readily be tested by a study of light 
energy input and chemical reaction which results. If a chain mechanism 
is established for a photo-reaction it is apparent that the processes 
succeeding the initial light absorption are not essentially different 
from thermal processes. If a photo-reaction is shown to have a chain 
mechanism, it is probable that the same reaction conducted thermally 
I will also involve chains. 

From this point of view Taylor ® and also Backstrom ^ have 
investigated a number of oxidation processes photochemically to 
ascertain the ratio of light energy input to resultant chemical reaction. 
Backstrom studied both the oxidation of aldehydes such as benz-i 


‘ Balxk. phyiikd. Chm.. 1897. 13 , SS7. < Sec ulao jtte. In». <9ttm..ie24, 48, SSZ, . 
> Btc. Inc. duin., 1924, 43, StS. • J. nyliail Ohm,, 1924, 28, 14S, 

* UnpabUabe4 experimaitt. 
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aldehyde and of sodium sulphite. He found m each case mac manj* 
hundred molecules of the autoxidant react, for each quantum of 
absorbed light energy Mathews and Dewey * and Mathews and Weeks * 
showed that photochemical oxidation of sulphite was sensitive to 
inhibitors Pyridine, benzaldehyde, phenol, hydroquiiime. ethyl 
acetate, urea were all retarding agents of varying efficiency. There 
IS, however, some divergence between the thermal and photochemical 
processes, since copper salts which are powerful catalysts for the 
thermal process are without action ]ihotoclicmicaIly The photo¬ 
chemical oxidation of benzaldehyde is rctardetl by many of the 
inhibitors of the thermal process. Taylor showed that in the photo- 
oxidatjon of an unsaturated glyceride a chain inechjiiiism might also 
be involved, sinee the ratio of molecules reacting to quanta absorbed 
was greater than unity though much smaller than in the cases studied 
by Piickstrom. 

Young ® showed that the oxidation of solutions of staniioii.s chloride 
in water by dissolved oxygen was likewise extremely sensitive to the 
presence of inhibitory substances Various alkaloids, maiimtc, aniline, 
potassium cyanide, salts of manganese and of chromium were sIkiwti 
to be inhibitors It is not yet known whether this is an additional 
case of a reaction involving a cliaiii rnechaiiisin Young showi'd that 
It was sensitive to certain positive catalysts present in minute amounts 
A concentration of U-0000(>5 N hydrogen sulphide serves to imTcaso 
the rate of oxidation by about 25 per cent 

Ganeous oxidations, —Recent investigations have shown tliat 
certain gaseous oxidation processes arc sensitive to the pre.sence of 
inhibitory agents This discovery arose m connection with a study 
of the explosion of liydrocurbon-air mixtures in the automobile engino. 
Midgeley* has shown that addition of agents, such as iodine, aminos, 
and especially lead tetra-cthyl, to tho motor fuel suppresses the 
tendency to pre-ignition of the explosive mixture in the cylinder, 
thereby permitting a higher compression to be employed Corre- 
spondiug economies iii fuel consumption can thereby be secured 

There is no general agreement, as yet, with respect to the 
function of these added substances in hydrocarbon - air mixtures, 
various theories having been brought forward ^ That such substances 
may act as inhibitors of oxidation was shown by Taylor by demon¬ 
strating® that lead tetra-ethyl is a powerful inhibitor of the autoxida- 
tion of benzaldehyde On Christiansen’s view the mechanism must be 
one involving a chain mechanism, the energy of the reaction products 
being transferred to the reactants bnnging them into the reactive 
state, the inhibitor acting by breaking the chains. The view that the 
explosion reactions involve chains is in harmony with the conclusions 

* J Pkyncal Chm , 1U13.17. 211 * J Amrr Chm Soc, 1917,39, MS 

» J Amtr Chm 5oc. 1901,33. 110,4(50. * J Ind Buy Cktm.. 1023,18,421 

^ J Imk Eng. Chm , 1923, 15, 421 * ACS. lnt«n«cUoul Ueeuog; @Mtoo, 1934, 



'of Diion' from his work on the explosion of combustible gss-aif 
mixtures. It is of interest in this connection, also, to record that 
Humphry Davy* made experiments in 1817 on the influence of 
hydrogen chloride and' silicon tetrafluoridc on the lower explosion 
limit of hydrogen. He showed that a mixture of two volumes of 
hydrogen with one of oxygen did not explode when 2 per cent by 
volume of hydrogen chloride or 0-8 per cent of the silicon compound 
was added. Jorissen, Vclisek, and Menwissen have recently studied ® 
the restriction of the inflammability limit.s of explosive gas mixtures 
in presence of various chlorinated hydrocarbons. Further work is 
needed before the theoretical elucidation of this moat important 
practical problem can be achieved. From such work it may be 
anticipated that the mechanism whereby the chains are broken will 
be elucidated. As yet, there is little information on the ])oiut. There 
is some evidence that the inhibitor is oxidised in jirocesses of oxidation. 
It is .also possible that the energy of a " hot" molecule may be 
dissipated by molecular compound formation with the inhibitor, 
since, as was shown by Taylor,' there is a marked concordance between 
inhibitory power and ability to form molecular compounds. 

' Bfr., KKI.'., 38, 3441 ‘ I’hl. ISI7, .'ill. 

“ Ree. Irar. chtm., 1UJ4, 43. 80, 501. * J. Phi/mcul i'finn., 1023, 27, 322. 



CHAPTER VII 


PKOCESSES OF OXIDATION 

Thr most varied and extensive application of catalysis to the problems 
of industrial chemistry has been made in the technical development 
of processes of catalytic oxidation 

Catalysts have been successfully employed to uccclcrate various 
processes of oxidation extremely dissimilar in character Thus, in 
processes of surface combustion the catalytic material induce.s tlie 
comflete combustion of gaseous and vaporised fuels for the production 
of intense and localised heat, whilst, on the other hand, the in¬ 
candescent mantle exhibits similar localised combustion for the 
production of Lght In those cases also in which the process of . 
oxidation is reversible within the usual temperature range of operation, 
as in the oxidation of sulphur dioxide to sulphuric anhydride or of 
hydrochloric acid to chlorine and water, technical development w-as 
only possible after the discovery of catalytic agents whicli would 
accelerate the processes of oxidation at relatively low temperatures 
80 83 to ensure the maximum yield of the desired product at reasonable 
space velocities. 

Another extending field for the technical development of processes 
of catalytic oxidation is to be found in the cases oi fractional oxvlalwn, 
where, by the choice of suitable catalytic material and the proper 
oouditions of temperature, pressure, and concentrations of reacting 
substances, the reaction is caused to proceed along one path only, 
with the avoidance of possible side reactions or products of combustion 
of a higher or lower state of oxidation than is desired Mention may ’ 
be made of the technical processes for the oxidation of ammonia to 
nitric oxide, of hydrogen sulphide to sulphur, of methyl alcohol to 
formaldehyde, and of naphthalene to phthahe anhydride as examples 
of such fractional oxidation. In ail these cases, under adverse con¬ 
ditions, the yield of the desired product may be reduced to ml 

Processes of catal}^^ oxidation may also be selective m character. 
.Thus, iron sulphide may be oxidised m the presence of the inflammable 
constituents of coal gas by the regulated admission of air under suitable, 
temperature control. Mixtures of methane, hydrogen, and carbon 



»^:mi8iioxide may be analysed by the admission o£ oxygen, the cdti*’’ 
fejWstion bemg conducted in such a manner that, by a suitable choice 
%bf catalytic material and operating temperature, only one constituent 
undergoes .oxidation. 

y,. The classical experiments oh Schiinbein on autoxidation, in which 
the reaction velocity of the process of oxidation is extremely slow, 

■ • opened up a new and interesting chapter in the theory of combustion. 

■^1 The significance of such processes of cold combustion will at once 

■ be apparent from a consideration of the mechanism of the corrosion 
* or rusting of metals and the many remarkable oases of induced chemical 
' reactions which accompany processes of autoxidation. 

In the following pages examples arc given of the varied and manifold 
1 applications of catalysis to these diverse processes of oxidation. It 
will be noted that, as in many other cases, practice, as exemplified by 
technical development, has outstripped the theoretical treatment of 

■ the subject. 

The Manueactube of SuLPFruBic Acid 

The .sulphuric acid industry is practically unicjiie in the fact that 
the two processes employed on an ever extending scale for its manu¬ 
facture, the so-called “ chamber ” and “ contact ” processes, are both 
catalytic in operation, and in the most modern plants the relative 
costs of production arc practically identical. The “ chamber ” process, 

, however, is confined to the production of the monohydrate, the 
maximum strength of acid obtainable being 98 per cent HjSO,, 
whereas the “ contact ” process is more suitable for the production 
of “ oleum ”, i.e. sulphuric acid containing varying amounts of SO, 
h dissolved in it, pure “ oleum ” or fuming acid having the composition 
2SO3. HjO or HjSjO,. 

The “ chamber ” process.—In this process the o.xidation of sulphur 
dioxide to sulphuric anhydride by means of atmo.spheric oxyge.n is 
catalytically hastened by oxides of nitrogen, and is one of the very 
„ few cases of homogeneous catalysis in a gaseous system. 

In actual operation a 6 to 12 per cent mixture of sulphur dioxide 
'^in air obtained by passing a- regulated amount of air over burning 
‘sulphur or sulphides such as pyrites, or spent oxide from gas works, is 
brought into contact whilst still hot (400°) with a solution of nitrosyl ' 

I sulphuric acid, by passage through one or two yolvic lava- or flint- 
'‘ packed columns termed Glover towers, down which a stream of nitrosyl 
'sulphuric acid is distributed. 

■\ Tlie resulting mixture of sulphur dioxide, oxides of nitrogen, and 
air then pass into a series of leaden chambers into which steam or 
^dilute sulphuric acid is blown by means of suitably shaped nozzles, 
^he earlier rectangular reaction chambers, which would only produce j 
phe-sixth of a pound of snlphnric acid per cubic foot in twenty-four 
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hours, aro now replaced either by tangential chambers in which nearly 
lb. of sulphuric acid can be produced per cubic foot in the samI 
time, or by plate or packed towers m which the. oxidation of the sulphur 
dioxide to the trioxide no longer takes place m the gaseous phase, but 
in the dilute nitric acid which is added to each tower Although a 
considerable economy in space is gamed m such tower systems, yet 
the extra installation costs and the increased resistance to the gas 
passage bid fair to militate against this advantage 

The spent gases from the reaction chambers are freed of all residual 
oxides of nitrogen by passage up a coke or stoneware hall-packed 
column, the Gay-Lussac tower, down which sulphuric acid is distributed 
The weak sulphuric acid from the lead chambers (m fio per cent) 
containing both oxides of nitrogen and nitric ucid mixed with the, nitrons 
vitriol from the Gay-Lussac tower, is partially concentrateil {to 78 per 
cent) in the Glover tower, where the oxides of nitrogen are removed 
by the fresh gases and finally brought up to 98 per cent strongtli by 
evaporation in Gaillard towers or by means of cascade concentrators 
It IS evident that under ideal conditions the oxides of nitrogen 
which are continually returned to the reaction chambers by means of 
the Glover tower should suffer no diminution during the cvcie of opera¬ 
tions. In actual practice, however, there is a small but continuous 
loss of the catalyst e<|uivalent to from 1 to 4 parts of scKimm nitrate 
in 1(X) parts of sulphur burnt This deffcit has to be continnoii.'ily 
made good either by the addition of nitric aeid lo the Glover tower or 
by supplying oxides of nitrogen to the entering ga.se.s In the latter 
case either small <juantit!cs of sodium nitrate (nitre) and siilpliuiic 
acid are placed m pots situated in the Hue of the pynte.-i burners, or 
m the most modern practiee, oxides of nitrogen, prodiieed by the 
catalytic combustion of ammonia (see p ICb), arc added at tlic base of 
the Glover tower 

The loss of oxides of nitrogen in the cycle is probably due to a 
variety of causes, amongst the more important of which may bo 
mentioned 

(a) The presence of organic matter in the sulphur dioxide—a 

common occurrence when spent oxide is utilised 

(b) liOss in the sulphuric acid finally produced and at the exit of 

the Gay-Lussac tower 

(c) The reduction of mtric oxide to nitrous oxide or nitrogen by 

the coke packing in the Gay-Lussac tower, and by decom¬ 
position m those jiarts of the contact chambers where the 
acid is under 40 pet cent strength. 

An explanation of the mechanism by which the oxidation of sulphur 
dioxide to the trioxide is accomplished with the aid of oxides of nitrogen 
was first suggested by Davy m 1812, as a result of a senes of experi¬ 
ments which bad been conducted some six years previously by Clement. 
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•wl Desotmes.* It was noted that when insufficient steam was 
admitted to the reaction chambers white crystals of nitrosulphonic 
acid were deposited ; Daev’s hypothesis for the oxidation was based 
upon the intermediary formation of this acid, according to the following 
equation: 

,011 


(1) 2S02 + nj0 + 3x\0,. = 2S03'( I NO, 

^NO, 


the nitrosul]ihonic acid reacting with cxccs,s of steam and oxygen to 
form sulphuric acid. 

,011 011 

(2) 4.S0,^( ,-2Hj0 tO„= .tSO/ NNO, 

\V0., ■ ‘ 'Oil 

whilst the nitric oxide is reoxidised to nitroj'en dioxide as follows : 

(3) 2N0 f 0.;-2N0j, 

ljUng(^ and Naid ni 18H1 found, on anaiysi.s of the chamber gases in 
the .second and third chambers, that nitrje oxide anil nitrogen dio.xide 
were present in equivalent proportion,s, behaving as NjO,: 

(4) NOj+NO ^_‘^N.,03, 

and siijfgDStod tlie following sorif's of rcHcfinns to airount for the 
formation and suhsoquoiif dcconiposifion of rhainlKT crystals: 


/OH 

(:>) ^S0. + 02 + II..0-( N„0., 

'^NO., 

,011 

(fi) 2So/ +Il,0=.2HjS0, + N./».,, 

^NOj 

In the first chamber tlie gases are usually colourless owing to a 
deficiency of nitrogen dioxide. Lunge and Naef suggest<•(! tliat the* 
removal of this constituent was taking place by means of a side 
reactioTi. as follows: 

OH .Oil 

(7) 2S02( +2H20 + S02=^aS0/ 4 2N0, 

'^N02 ''OH 

which would thus explain the presence of the nitric oxide in excess of 
the equivah-nt proportions demanded by Equation (4). Thi'se compara¬ 
tively simple reactions, acconling to Raschig^ and Trautz,® are not a 
sufficient explanation for all the phenomena observed when sulphurous 

' StH* l,ung<’, vot. i.: Ranohig, J. C'A^ni. 1907, 10, 865 : 10)1,30,106; i'artuigUin, 
Tkt Alkali lndvAlr>j, 1018. 

* Annaltn, 1887 , 341 , 200 . 
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or sulphuric acids are agitated with oxides of nitrogen. It is comg 
knowledge that m the usual nitrometer estimations a purple or pi 
coloration is nearly always present towards the end of the reaction. 

The composition of the purple acjd is unknown, but in all proba bili 
contains the nitroso-group, JVO, to which its colour may be attribute 
Trautz postulates the formation of an unstable nitrosulphonic ac 
according to the following reactions : 


2SO. 


/OH 

^OH 

•NO 


^OH 




^NO 
/OH 

->SOj< +NO. 
>NO 

so/ 

OH 


which 18 subsequently decomposed according to the following two side 
reactions. 

/OH 

11) so/ -t NA 

NnO —> 3N0 + 2 H,S 04 , 

SOX +HjO 
^OH 


( 2 ) SO,/ 


,OH 


,OH 


f2SO,< 


>NO 

so/ 

^OH 


+ 2H20 = 4H.S0. f3NO 


,OH 


The existence of a hypothetical nitrosulphuric acid S02< 

■"O.NO, 

has also been suggested by Lunge, formed by the interaction of nitric 
acid vapour on sulphur dioxide m the presence of air. 

/OH 

0,+2S02 + 2HN0,=2S0j< 

^O.NOj 

It must, however, be admitted that our knowledge of the various side^ 
reactions which may occur between the oxides of nitrogen catalysts 
and the oxides of sulphur is far from complete, but it appears probata 
tliat the explanation advanced by Lunge and Naef represents the 
important sequence of actions taking place under the condition? 
actual chamber practice 

The “contact” process.—The early development of the le^ 



fi^mber process for the manofscture of sulphuric acid thok pto id/ 
^ the years 1740 and 1750. 

In 1812 Davy, who was the first to point out the true function of 
the oxide of nitrogen in the oxidation of sulphur dioxide, suggested 
the possibility of using platinum sponge as a catalyst for the same 
furpose. Phillips, in 18.31, may claim to have been the pioneer in 
•testing Davy’s suggestion on the industrial scale, but owing to the 
rapidity with which his catalytic material became poisoned the process 
was abandoned until 1875, when Squire and Messcl succeeded in making 
the process a technical success for the production of “ oleum These 
investigators utilised pure gases obtained by the decomposition of 
.. sulphuric acid on hot brick surfaces or by the combustion of sulphur, 

' the sulphur dioxidesteing subsequently purified by washing with water 
under pressure. 

The rapid development in the contact i)n)cess during the opening 
, years of the j/resent century is chiefly due to the work of Kueitsch and 
■Krauss,* who carried out a very systematic investigation on the reaction 
velocities and the conditions of e<iuilibriiim of the reaction 

2S08 4 0j:^2S0„ 

which was found by C. Winckler to be a reversible one. It was shown 
that the value of the equilibrium constant 


A'.,= 


Pso . _ 

Pso.V I\>, 


where Pso,, Pan,, and Po, are the respective jiartial pressures of the 
reacting constituents, dccrea.scd with rising temperatures, as is observed 
from the following figures : 


'J'«»i|)urulure. 

A',. 

I TeiiuMTfttHrt'. 

Kp. 

430" 

198-0 

000" 

14-9 

450 

187-7 

1 OiO 

10-5 

5*)0 

72-3 

j 027 

5-5 

528 

31-3 

1 7(KJ 

4-8 

553 

2-M 

! 727 

1-8 


By means of the general equation 

dlogA',^ y. 
df ■ P7’*2’ 


assuming that the value of the heat of reaction, which according 
^0 Berthelot and Bodenstcin* is equal to an evolution of 21,700 caU. 
at the ordinary temperature, does not change seriously in value over 
bhe temperature range, we can calculate the value of and hence 
that of A'^, for any desired temperature. The value of the integration 
constant can be-obtained by taking an experimentally found value of 
or by means of Nernst’s heat theorem. 

' ««■., 1901, H 4069. 

’ Bodenstein uid Finck, Zetitiek. pkytikal. Ckm,, 1907, <0,1, 46. 
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The fractional conversion, i e. the values of the ratio r,-^- ®, 7 r 

SO2 + SO3 

could consequently be calculated when the magnitude of K had been 
deterniincd Tt ifi easy to .show that the percentage conversion 100 a 
IS equal to 


lOOV'Po, 


From this equation it is a comparatively simple matter to calculate 
the composition of the gas as it comes from the eonfact material in 
which equilibrium has been established, whilst the calculation of the 
final composition from an analysis of the oiiteiing gases can be made 
by means of the following equation ^ 

K 

iOUi'-'HK) -- 


A',t- /6-f)r,o/ 

V 

where <1 uiul h are the iiereeiitages of ,sal[diur dioxide and oxygen m 
the initial mixture 

From these {'(juations tlio following mteroating facts can be decliireil 
first, that the ideal catalyst should be active at low temperatures, 
jireferubly below where the values of K,, are large, secondly, 
Hltlunigh an inereuse 111 the partial pressure of oxygen is beneficial 111 
that it tends to raise the value of :r lu'arer to iiiiitv, vet a liintf is set 
to the quantity of air admitted by file ollect of tlie diluent nitrogen. 
Tf we assume a mere trace of 3ul|)hiir dioxide to be present in entering 
gases, i e a is approximately zero am! /)-=20dt [ter cent, then 


V 


li - (J-5 af 
J()U-(>5 ax 



-(UriT. 


i.e. 




A'^,+ 2-2 


For large values of the ytehl is practiealiv theoretical, hut at 700^ 
the value of ItH) x has sunk to btt m .sjute ot the verv large (jiiautifies 
of oxygdi present, wlieroa,s if no nitrogen liad bemj present at all the 

value of 100 / approximates to ^*.**^-^ or 83 at 700'^. The ojttimura 

results are obtained when the quantity of excess air admitted to the 
pyrites burners raises the oxygen content to the ratio SOj 0^ .2:3, 
or three times the theoretical amount for comjiletc conversion to the 
tnoxide. 


Having determined the conditiona governing the oxidation of the 
sulphur dioxide, Kiieitach and Krauss investigated the reaction velocity 
in the presence of difierent catalytic matenals Utilising purified 
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tecbnical converter gas of the following composition: 7 per cent SOg, 
. 10 per cent Og, and 83 per cent Ng, the speed of conversion was 
determined when passed over various catalysts at different sjH’eds and 
varying temperatures. In Fig. 8 (Curves 1 and 11) are shown the results 
of passing such a gas ini.Kture over jdatinised asbestos in a porcelain 
tube at varying teni]»craturcs ; it will be noticed that conversion 
witli this, the most (efficient of all the <-atalysts yet investigated, com¬ 
mences at 200^ with a flow rate of 300 e.c. per minute (Curve 1} and 
at a little under 3(K)'’ with a flow rate of 20,(KM) c.c. per minute 
(Curve IJ). and as the flow rate inc^*a8e8 a higher reaction velocity 
is nMpiired, necessitating a higher tem])erature with a eorresjwml- 



Fiu. 8. 

ing r('<luction in the equilibrium concentration of sulphuric anhydride 
obtainable. Curve III indicates the loci of the mii.\ima of a set of 
the curves, utilising identical catalytic material, platinised asbestos 
and converter gas of similar comj»osition but with different rates of 
passage*. 

It is evident that if some circulating sysb'in were employed, or 
alternatively a series of catalytic tubes were so arranged that the 
sulphur trioxide formed w’as removed after each catalytic treatment, 
the maximum conversion per unit of time would not be obtained with 
an operating temperature and sped of passage corresponding with the 
probable maximum conversion, but would entail a very high rate of 
passage with a relatively low conversion, the speed and temperature 
being so adjusted as to ensure the product, per cent conversion x flow 




rate being a maximum Technical difficulties associated with tW* 
removal of the sulphur trioxidc from a gas containing relatively large 
]uantitic8 of the lower oxide appear to have prevented the realisation^ 
jf this possible procedure. 

Curve IV indicates the results obtained with burnt pyrites 
(CuO.FejOj) as contact material with a flow rate of 500 e c per minute^ 
whilst Curve Y shows the low duty obtained with broken porcelain as- 
catalytic agent. 

We have already referred to the employment of purified converter 
gas by several investigators. Sijuire and Messel appar to be the 
first to have realised the signihcancc of catalyst “ poi.sons ” in the 
ordinary gas, and used, as an alternative, sulphur dioxide prepared; 
from some purer source. The Badische Aiiiiiit- und Soda-Fabrik success^ 
fully solved the teclinioal problem of punfyiug ordinary converter gas ’ 
frdm jioisons, notably arsenic, antimony, pliospliorus, and lead, by 
steam treatment, cooling, and washing. TJie resulting gas is so purified 
as to be optically pure, showing comjilete freedom from suspended 
matter even when subjected to intense illumination 

Since the optimum conversion temperature lies between 400° and 
450°, it was evident that for the suecessfu) technieal develo])ment of 
the process the entering gases should strike the catalyst at a tempera 
tiire approximating as nearly as possible to this, and should leave th< 
catalyst at sensibly the same temperature. The reaction, liowi'ver 
13 strongly exothermic, 21,700 cals being evolved per grin-mol ol 
sulphur dioxide converted The Badische convertor was accordingly 
constructed of relatively narrow iron reaction tubes, fO per ceni 
platinised asbestos being employed as catalytic material The maxi¬ 
mum radiation was thus obtainable by tins method A ])art of the 
inflowing gas, passing externally over the tubes in a counter-current 
direction, was so adjusted as to regulate the catalyst temperature, and 
at the same time assisted in lieating up the remainder of (he entering 
gases 

In the Mannheim process developed by Clcmm and Hascnbach a 
preliminary conversion is effected by passage of the gases over burnt 
pyrites at from 500° to 600° where some 45 per cent conversion is 
effected The gases freed from the sulphuric anhydride by absorption 
ill strong sulphuric ^cid are then passed on to the lower temperature 
platinum catalyst A dual advantage is thus obtained. In spite of 
the lower duty obtained with the burnt pyrites catalytic material 
on account of the somewhat elevated reacting temperature, this catalyst 
IS nut 80 Bensitivo to traces of poisons as the platinum and is a com' 
parativcly cheap material to utilise. As a further consequence, a very 
pure gas passes on to the platinum converter, and |ince nearly half 
of the sulphur dioxiife has already been removed, the temperature oj 
this catalyst can be easily adjusted within the prescribed limits. 

Of the various catalytic materials employed to accelerate tb#' 


^liiSktion of sulphar dioxide to aolphuric anhydride, platinnin is dh- 
fPbubtedly the most active, and much ingenuity has bran displayed in 
s-^btainiug the maximum yield possible with the aid of relatively small 
i^uantities of this somewhat expensive material. 

' In the Badischc type of plant where platinised asbestos is utilised, 
■ the platinum is frequently deposited from the platinic chloride by means 
^ of a formate solution according to the method origiually suggested by 
‘^'Loew.* 

V The Tentcleff process utilises a scries of coarse asbestos string mats 
■'Some 2 feet by 3 feet in area, impregnated with platinum black, from 
twelve to twenty-five being used as the contact mass; the quantity 
fol platinum distributed on each mat varies from 60 to 65 grms. 

The Schroder-Grillo contact material^ is undoubtedly the most 
ingciiiioiis of any which are in operation, producing a very active form 
of platinum black and at the same time exposing a large area of catalytic 
surface. 

Partially calcined magnesium sulphate is sprayed with a solution 
'.of platinum salt and heated up in the presence of sulphur dioxide, 
the reduction of the platinum being thus effected. From 0-2 to 0’3 
: per cent of platinum on the magnesium sulphate is sufficient to form 
an excellent contact material. With 5 grms. of platinum one ton 
of “ oleum ” can be produced per day with a loss of only 20 mg. 
of metal. 

Of the various other catalytie materials suggested, it seems that 
only burnt pyrites has actually been used on an industrial scale. By 
■reference to the patent literature, the problem of finding some other 
non-platinum catalyst more active than burnt pyrites is still the object 
of investigation. Amongst the more important materials suggested 
may be mentioned the oxides of copper, vanadium, uranium, chromium, 
nickel, and cobalt, frequently incorporated with aluminium, beryllium, 
zirconium, or zinc oxides, or the rare earths, such as didymia or ceria; 
thus vanadium pentoxide when precipitated in a fine state of sub¬ 
division on silica is stated to be as effective as platinum.^ It is of 
interest to note that oxide of arsenic itself, altbough a poison for 
platinum, is a comparatively good catalyst at somewhat higher tem¬ 
peratures.* Water, on the other hand, inhibits the reaction very 
Strongly by selective adsorption even up to 700“ C. More novel is 
the suggestion to incorporate with the catalytic material some body 
which readily absorbs sulphur trioxide at the temperature employed, 
^nd disengages it again at a higher temperature. 

Various theories have been put forward to explain the mechanism 
of the contact process; it is usually assumed that the intermediary 
formation of the platinum oxide, PtO, or the more transitory and 
possibly hypothetical dioxide, PtOj, suggested by Wohler and Engler, 

i ' Ber., 1890, SS. ^ See. Chem. ted.. 1903. 89, 3iS. > O.F. 291792 of 1913. 

Lunge and Beinhort, SteUeeh, oageui. Ckem.. 1804, 1014; Ko^ipler, ibid., 1908, S32. 
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plays thfi important role in this catalytic operation, according to'th< 
following cycle 

(i-) 2Pt + 02—>2Pt.0 + 2S02-->2Pt 28(V 
(ii) Pt + 02^Pt02 + 2S0j—^Pt 2SOj 
Wiclaml, however, has laid stress on the “ hydration ” theory o) 
ciiemtcal action Since perfectly dry sulplinr dioxide and oxygen dc 
not comhmc, lie represents the oxidation of the sulphur dioxide as 
siil)KCf)ucHt to a previous hydroxylutioii 

SO^ + II,/) HaSO^, 

HaSOj-^SOj + Hj, 

2Ha + Oj-^ 2]r,0. 

It may he urged iii favour of tins view that in lliose eases where inter¬ 
mediate products of oxidation can be isolated and analysi'd- especially 
in organic reactions where the hydroxvl groups can lie fixed and char¬ 
acterised as soon as thi'V are formed by the substitution of a suitable 
noii-reactive groiqnng—the evidimce for hydroxyhition as a stage in 
oxidation is remarkably strong 

It IS cxtreiiiely jirobable that adsorption [ilienoim’iia exert a by no 
means inconsiderable influence on the rate of the reaction 

With oxide catalysts such as oxide of iron it is generally assumed 
tliat the formation of an intotiuediary sulphate oeems aicording to the 
following cycle 

2Pe,(>j 1 m,-i- 30, 2Pe(S0,}, 

( 2Fi',(), f(iSO, <- 

It 18 evidfiiit, however, by reference to the list of oxides suggested as 
suitable for teclimeal processes, that practically only those elements 
are moliuieil wliieli jaessess at least two oxnies, amt, as lu mani other 
catalytic proecssea, we are equally jusfilieil in asMiniiiig the uitulytic 
aetivity to be due to an oscillation lietween tlie two slates of 
oxidation 

Fe,p>j(-SOo--^2FeOfSOj 

f ' HO, 

i- - -Fed),, 

(.VO,fSO,- ->(VOiSO,, 

_ -CeO, 

Tt must also ho admitted that the explanation formed on the “ inter¬ 
mediary sulphate " theory is not very satisfactory in the light of the 
researches of Bodonatein and Suzuki,^ who showed that the first products 
of the distillation of ferric sulphate are SO, and 0,, which then react 


^ ZnIttJt SlektrurJitm., 1910, 1$, 91^ 
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in tlie presence of ferric oxide to produce SO 3 , whereas SOj should 
the primary product on this hypothesis. 

Use of cat^sts in the Hargreaves process. - Hargreaves and^obinsoii 
in 1870 introduced a method for t]ie manufacture of salt cake {Na^SO^) 
by the interaction of pyrites burner gas and air on Iiot salt at r) 2 r)‘'\ 

Above 600° fusion of the salt occurs, thus setting a limit to the 
lemjierature for the reaction. To accelerate the reaction at low 
jK'raturcs, various catalysts have been proposed, notably ferric oxide ^ 
and <‘oppor oxide.^ 

It was suggested that the salt .should he rn()ist(*ned with a solution 
of the sulj)liate of the metal so as to obtain an activated salt containing 
from (M to I’O per cent of the rnctal. 

The ex])eriinenfal investigation of the intluenco of c()j)per and iron 
salts was reported by C'onroy.^ TIk; conclusions reached arc thus 
summarised. Salt is decomposed by a niixtun' of sulphur dioxide and 
air at a temperature below 6 (M)" to yield sulpliate and chlorine. De¬ 
composition in "lass vessels is exceedingly slow. With addition <»f 
{)’ 2 r) per cent of copper in the form of sulphate, reaction begins at -lOO® 
and increases in amount with temperature. 

The rate of action at 6 tH)' was roughly 50 per cent greater than at 
450"^. lnereas(‘d concentration of copjier increased the rate of reaction. 
It was shown that 0*5 per cent of inui as suljdiate wa.s eat.alyfieally 
equivalent to 0*25 jier cent of copper. Magnesium and aluminium 
sulphates were without action. With suitable gas speed, reaction was 
(juantitative, all sulphur dioxide being retaiiM*d. At higher speeds of 
])a.ssage. both chlorine and .sulphur dioxide e.seaju’d The conversion 
to .sulphate could be carried to completion. 

In (’onroy s view, the salts of cop])er and iron (irohably act by 
inducing the combination of sulphur and oxygen to form sulphuric 
anhydride, since, by inserting plafinise<l asbesto.s in the inlet end of 
the reaction tube the ratio of the chemical equivalents of chlorine to 
suljihur dioxide and sulphur trioxith- rose from 1 : 14 to 1:1. This 
method of working the process, viz. by jiaHsing a mixture of sulphur 
dioxide and air through vessels containing alternately a contact sub¬ 
stance to produce sulphuric unbydridc and salt, wa.H jiatented by Deacon 
in 1871.* 

To check fusion, Clemm jiroposeil ^ to admix clay with the salt, 
utilising copper oxide or ferric oxide to aid the reaction. 

The Oxidation of Ammonia to Nitric Acid 

After the war the national interests, the increasing demand fop 
nitric acid for growing industries in the various branches of organic 

* Hargreaves. 1886. 

• Knihingand D«Tn<>ncourt. 1897; Clemm. 1899; and HargreavM, 1907 

> J Soc. Chem. Ind., 1902, 21, 304. * B.K 1908,1871. * B.r. 16152/1899. 
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'■fibemistry and as nitrates for fertilisers, as well as the rapid strid( 
■recently made in the economic production of ammonia both as 
coal by-product and m the form of cyanamide and pure ammoui 
manufactured by the various synthetic processes, have all tende< 
to make the technical operation of an ammonia oxidation plan 
not merely a war industry but an integral part of the econoraii 
development of the State. 

The pioneer work on this problem was accomplished by the French 
'ndiistrial chemist, Kuhlmann, in 1839, but until Ostwald and Braucr 
published their researches m 1903 no progress was made in the 
technical development of the process 

During the last few years several systems have been develojied on 
an industrial scale, yielding on an average an efficiency of conversion of 
from 90 to 95 per cent Amongst the more important may be men¬ 
tioned those of Ostwald and Braucr, Frank and Caro, and that of 
Kaiser Modifications and improvements of these (lorman processes 
have been developed by the Allied Government Research Departments 
and liy private firms during tlie period of the war, effecting a combina¬ 
tion of the best features of the rc.sjiectivc plants 

The oxidation of ammonia is effected by the passage of an air- 
ammonia or oxygen-ammonia mixture over a catalytic material 
maintained at a suitable temperature 

The oxidation may take place in two ways the reaction of 
decomposition, 

- 4 NH 3 + 3Oa=2Ni+6IIaO + 301,000 cals, 


and the reaction oatalytically accelerated, 

4 NH 3 + 5 O 3 = 4NO -H 6 H 3 O + 215,000 cals 


Under the conditions of catalytic combustion the oxidation of 
ammonia is practically complete, as can be calculated from the Nernst 
heat theorem, assuming that the above equation is strictly reversible 
The heat liberated m the combustion of 4 moieculcs of ammonia 
under the above conditions is 215,000 cals at 17°. For a homo¬ 
geneous gas reaction we can calculate from Nernst’s equation the 
equilibrium constant 

K ~ 

'■ ' ym'xyn.o' 


log.-K, 


% I 

RT R 


log, 


Iwhere and ^ 0 /' are the heat of reaction and the specific heats of tb 
reactants at absolute zero, Sn the algebraic sum of the number 0 
molecules, and % the integration constant of the vapour pressure formula 
For C(,p we can approximate the value 3-5 given by Kerust. Thi 
chemical constants for 0,. NHj, NO, HjO are 2-8, 3-3, 3-5, and 3-( 








fespectively, and 2W= -8-4. Correcting the heat of combustioa, 
216,000 for a temperature of absolute zero, taking into account the 
change in the specific heat of the gaseous constituents with the tem¬ 
perature, will be found to be equal to 216,300 cals. 

For temperatures of oxidation between 500“ and 1000“, the range 
usually adopted in technical plants, or a mean of 800°, + 2^7'. 


' 2^ = 


^;-eoo” - 
800' '■ 


Hence 


login 


216,300 
4-57 r 


-1-75 log T + 


0-()07 

4-57 


r-8-4. 


For log we find : 

T. 

5(X)^ 

800 

1000 


luit K,.. 
-108 

- 71 

- <51 


It will be observed that even at 1000® the quantity of ammonia in 
equilibrium with the nitric oxide under these conditions is almost 
vanishingly small and quantitative yields should always result. 

In practice, quantitative yields are never obtained, for the following 
reasons: 

(1) The time of contact of the air, or oxygen-ammonia mixture with 
the active surface of the catalyst may bo too long. Under these 
conditions the nitric oxide formed by combustion with the ammonia 
will commence to dissociate and establish equilibrium, according to fho 
equation 

2N0:i±N, + 02. 


This equilibrium is likewise governed by tlie temperature of the gas 
and is the basis of the arc process of fixing atmospheric nitrogen. 

According to Nernst and Haber, the equilibrium amount of nitric 
oxide formed in air at 2000° is only 1-0 per cent varying to 10 per cent 
at 4140°, but is practically negligible at the working tcmiieratures of 
the ammonia oxidation process (cirat O'OOl per cent NO at 8(X)°). On 
the other hand, the velocity with which equilibrium is established i* 
greatly increased by a rise in temperature, and the gas containing the 
high concentration of the nitric oxide produced by combustion of 
ammonia must be rapidly cooled to decrease the velocity of the normal 
decomposition. It is evident from this consideration that the catalystii 
should be maintained at a low temperature and that the period of 
contact of the gases with the catalyst be as short as possible. '' 

(2) Part of the ammonia may escape contact with the catalyst.:^ 
Undecomposed ammonia present in the eliluont gases will react with 
the nitrous acid formed on the condensation of the nitrogen oxides in- 
water, with the liberation of nitrogen : 

NH, + HNO,=N, + 2H,0. 
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Twioo tho amount of nitrogoii originally present in tli<' escaping 
ammonia will llnis be lost 

(■j) Partial direct combustion to nitrogen may occur 
Ostwald aod Braoer's process.-- This syatem has been largely de¬ 
veloped in (Germany, whilst independent faelonea were establisherl by 
the Nitrogen Products Co at Vilvorde in Helgiiim, Angoiileme in France. 
Dagenham in England, arni at Legnano ni Italy As catalytic tnafenal, 
jilatmiim toil is uw-d in the form of a tornigatcd roll, about 2 cm deep, 
.'itl grni.s in weiglit, loosely inserted m the end of a nickel tube some 
2 iiietre.s long, and eni in diametei (solid drawn nicki'l i.s said to be 
jircferable to welded tube) The nickel tiilie through whieli the 
ammonia and air mi.xturc (cimi A per cent Nflj) jiasses is eiiftosed liy 
an enamelled iron tube somewhat wnler m diameter, the whole svsteiii 
thus acting us a airuple form of heat iiitcrchaiigiT The aminoiiia-air 
mixture is thus heated up to a teinperufure of (I.AO' before striking the 
platnmiu roll, which is niaiiitanied at fiAO'-TiMi'’ by the heat of rom- 
bustioii of the arnijionia The llowing gases, lonsisting of nitric oxide, 
nitrogen, and re.sidual oxygen from the air, wliieli is added in excess, 
arc cooled down, and, aftiw siilheieiit time ol storagi' to en.snre tliat 
the oxidation of (be nitric oxide to nitrogen dioxide us e<iiTi|)l<'te, .are 
passed into the nitric acid absorption towers 

Prank and Caro’s process. -The disadvantages of (he original 
process, namely, the lark of control of tin (ulahxst tempeiatnre .md 
the rclalivi'ly large amount of |ilatiiium rer|iiiie(| to pr<idut'<' ,i gixeii 
cjuaiitity of nitric arid (fM) gnn.s will only prodiire smm' .'ll) tons per 
annum), led Frank and ('aro to eoiislniet a form of conveiler in vxlni h 
a more econoiiucal iitili.satioii of liie calalvst (m this case |>).itiitiim 
also was used) was att<mi[it<'<( 

Tile convertor of rolled aliiminiiun consisted of a rectangular roliimn 
foniaiinng battle jilates eipiailv spaced and terminated liy a emnciil 
hood of the same material A fine platinum gauze (.Si) linear medics 
to the nudi of wire (I (Ki20 iiieii diameter) was slretclied across the lon- 
V’erter (‘olumn, and by means of,silver leads could be mamtaiiied at a 
uniform temperature (circa bbO' ) by the [lassage of an electric current 
With the catalytic material in tins form a somewhat richer air-amiiinina 
mixture (9 11 per cent) coiihl be dealt with and the converters eoii- 
structisl III considerably larger sues Tecbiiical units liave been con- 
atructed up to 1 a(|uare foot m crosa-.sectioii, whilst in Amerua expiTi- 
ments on still larger units have been earned out Thi' oiitjnit per 
square foot of catalyst surface is approximately 700 kilogrms of nitric 
xcid per 24 hours, whilst the, weight of platinum is less than 40 grms 
per square foot The yield is .stated to average 92 pet cent 

Kaiser’s process.— -From 1911 to 1916 Dr Kaiser, as a result of 
uvestigatmn.s earned out on a technical scaie at Spandhau, near Berlin, 
)ut forward somewhat startling claims for a process deveioi)ed by linn. 
In tills process the single layer of ]>latii\um gauxe is replaced by 
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four separatt’d layers of similar material, the total thickness not 
exceeding 0*5 to 0’6 inm. Electrical heating is dispensed with, and 
the air previous to ailmixture with the ammonia is preheated by means 
of a cok<! tire to 3(X)''-350°. Kaiser's original claims of efficiencies, 
exceeding 1(K) per cent owing to the simultaneous aiitoxidation of 
atTnosph(*rie nitrogen, have now been shown to la* fallacious, and it 
appears possible that these were advanced only to o\ercoine certain 
difficulties attaeh<*d to the patent protection of his process. 

The proces.s was installed in a somewhat modified form by Saj)osh- 
nikotf at Kharkoff in Ru.s.sia,where an overall effici<‘ney of over 92 percent 
has been elaimed. Recent experiments have also indicated that higher 
rate.s of gas flow and a conse«|Uent greater output jter s«juar<‘ foot of 
converter area arc obtainabh* witli multijile gauze.s, although the actual 
output per grm. of platinum is somewhat lower. Tin* average yield 
per stjiiare foot of eouverter area with two gauzes per 24 Inuirs is 1*5 
to l-t^ metric tons of nitrie acid (in all ca.ses calculated as KHt per eeiil). 

Small plants using two or more gauzi-s are aireatly installed in 
England (or the supply of oxides of nitrogen in vitriol chambers and 
are giving U.’i per cent yields continuously. 

In modern plants preheating of the gas mixture is employed. Iti.s 
found that the oj'timum temperature of the jdatinum gauze isca. 1 lOO^’C. 
Taking the mean sfunutie heats of the products of oxidation as follows : 

()*S8 0.-4-(K) N()-7-;V) H.0-9-20. 
the heat content of a 1 : 11 NH, air mixture after coinhiistifui will be 
f- I -dOO^ + 1 -olIjO f no; T 85-8 r. 


Hence, since the final temperature mu.'^t, he !I(X) and since r>4,()f)f) 
cals, are «‘volve<l p»‘r grm.-mol. of ammonia burnt, we obtain 


54.dfK) 

IKM) - - - ' 0 

8.)-8 


as the optimum temperature of preheating. 

A modem form of technical converter unit sliown in the illustration 
(Fig. 9) is described by Partington ’ a.s follows ; It consists of a top and 
bottom cone, with throe rectangular body pieces Jietween them, all in 
cast aluminium 1 inch thick, the rectangular an‘a expo.sed measuring 
4 inches by f) inches. The pieci's are provideil with flanges, | inch 
W'idc, to facilitate bolting together, and three perforated baffles are 
inserteil in all the junctions except that between the top cone and the 
top segment of the body, which is occupieil by the catalyst frame. 
Though each cone possesses a sight orifice, IJ inch in diameter, for 
reasons of standardisation, that in the top cone alone is used, and is 
provided with a mica window for inspection of the catalyst. Aluminium 
bends of 2 inches internal boro provide inlets and outlets for th(* mixture 


I J. Soc. Chftn. Jnd , 1918, 37. 337. 






ail and ammonia at the bottom, and the oxides of nitrogen at the';' 
top. respectively. The overall length of the converter is about 4 feet 
and its weight is about .'12 lbs. ^ 

The air supply is obtained from a blower, and it is essential that 
:^thc air and ammonia should be well mixed. If ammonia gas is used, ' 
it may be injected into the sir stream through a nozzle, alter both 
gases have been measured. In technical practice it is more convenient 
to use purified ammonia liquor containing 25 per cent of ammonia, 
which is now a commercial article. The air is passed, together with a : 
small amount of steam, into the base of a coke tower down which 
this liquor flows. The mixed gases are cooled in the upper portion of 
the tower, where the steam is condensed. The mixture of air and 
ammonia should be filtered, either by passage through a length of coke 
packing in the upper portion of the tower or through a filter packed, 
with glass wool, which removes particles of dust. Oxide of iron 
particularly must be eliminated, as this has a deletcrions effect on the 
platinum catalyst. 

The most important part of the apparatus is the catalyst, which 
is fixed between the upper cone and body segment. It consists of one 
or more gauzes made of pure platinum wire, stretched across the con¬ 
verter at right angles to the gas flow. The wire used is 0'0025 inch in 
diameter, and is woven into gauze with 80 meshes to the inch. The 
gauzes arc mounted in an aluminium frame. The reaction occurs 
during the very small interval of time in which the gases are in contact 
with the catalyst. 

The operation of the catalyst must be initiated by heating the 
gauze, either by means of a non-Iuminous gas flame or by heating 
electrically with suitable current conducted through leads attached to 
the opposite edges of the gauze. When the first method is used, an 
orifice is provided in the upper body segment just below the gauze, 
which admits of the introduction of the flame, and is closed when the 
converter is in operation. The converter figured is provided with leads 
for electric current. When the reaction begins, the gauze is maintained 
at a red heat by the heat of oxidation, and the conversion proceeds 
uninterruptedly as long as the supply of air and ammonia is maintained. 
The platinum gauze may be used for about three months, after which 
it is desirable to replace it by a new gauze and to clean and refit. New 
gauzes arc not very active at first, but acquire their full catalytic 
activity after a few hours' running. 


The Catalysts ehpwyed in the Oxidation of Ammonia 

Flatmuin. —It will be. noted that all existing technical ammonia 
oxidation plants employ platinum ^ as a catalyst, and many interesting 

^ ileoent mformation from (lemany indiosten that the tuo of non-platiDum oatalysta bat 
Wn largoiy dev^oped during the but two yean.—E. K. R. ^ 
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observations have been made, as to the catalytic activity of platimim 
for this purpose Kuliltnann, m 1839, first noted that platinum sponge 
was more efficient than platinum black for the production of oxides of 
nitrogen, but that larger yields of nitrogen were obtained with the 
latter Bright platinum is scarcely active Osfwald ami Braiier ^ 
continued Kuhlmann’s researches and showed that the optimum n-sults 
were obtained when bright [ilatinum was eoated with an almost in¬ 
visible film of grey or black |)lHtinuni and that only a short jienod of 
contact was necessary, t.e t)()l second 8ctiick, in 1907, noted that 
platinised porcelain, of winch the ghue was slightly fusible, j)ermitling 
the coalescence of the [ilatimim into miinite drojilets, was extremely 
active, and recent pliotomicrograpliic investigation of platinum gauze 
also indicates that tliere is a gradual increase in catalytic activity 
associated with the forniatniii of minute craters on the metal, the lip 
of each crater being just tinged with “ grey ” or ‘ black ” platimim 
By the use of such an active net the period of e<mf.iet may be reduced 
to as low a hgure as OOfKifi sceoml. The illustrations (h'lg ]il) given 
show the changes in structure of a uaiize during use 

It seems probable that the liiaek or grey platiiimn is the active 
catalyst, hut when [iresimt in large cjuaiitities it is lialih' to caiifte the 
formation of nitrogen either in the primary oxidation of the aTuiuoma, 
or, ns Seems more jirolmble, dm* to secoiulary <leeomj)osition of iIh“ 
nitric oxide 

Poisons. - Small ([iianfities of hydrogen sulpliide rapidlv poi.son the 
catalyst, but wlxm the impure gases are rcidaced by jnuihed ainiiioma- 
air mixtures a {initial recovery of the poisoix'd c.itahsi alv\ii\s lesiiltb 
hi flit' other eases of [loi.sonmg this [irocessis, however, (jiiite irrmersiblc 
As an example the following data for acetylenr‘ poisoning may be noted 

1 imu IVr(lilt XdIihih' inro'iit 

.Uliuilis vkM \o'1\lpm' 

0 91111 0 

AiWed 0-11 

20 92 8 

211 1*1 4 

.•12 87 8 

.18 72 :i 

liii|>uiit} leniowd 
78 71 9 

2181 71 i 

Whilst both hydrogen suljdiide and acetylene are removed from the 
platinum surface ami thus do not effect poisoning by covernig tlie 
surface, they effect a partial fusion and crystallisation of the surface 
and thus diminish the, catalytic activity 

Phosphine exerts a marked {lartiaily reversible poisoning artion , a 
content of only 0-000()2 |ier cent by volume will reduce the yield by 
no less than ‘20 per cent On recovery a net yield of 80 per cent a.s 
compared with an original of 03 per cent ran be obtained. 

' l.'hem Ztil, 1!8)S. 27, ]0(l, 
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tHirim^' as impurity 0-38 [ler cent, Cjll^ ami 0(KKr2 jH-r cent I’H, will 
rciltire the yiehi from 93 to 7(i |ifr (cut m one hour <hi the adililion 
of ()-()2 per oenf of II^.S llm yirhl <‘i)innH'iH'(‘^ to rise ami will reach 
HO per cent in less tli.in two liours 

Noii-volatilc iinpiintic.H. >■<! silicu. atmnoniiim |)lios|tlialc. diiat, 
oxide of iron, and the like, must natiirallv Ik' rieorously l•xeluded 
i’robuhlv for tins reason platinum iinitreen.ited on |itiniice or asbestos 
iiiiH a reniarkahlv low elfieteiiey 

Non-platmum catalysts. Knhlinnnn, m noi.'d tie- (.dalytie 
achvity of oxides of copper, inni, ami imkel for lliis piir|iiHe, whilst 
Du Molay ' jiroposed ihe uhc of alhahiie niaiie.'iiiales, [icMnaneanates, 
t)i( hroniati's, and [)liiiiihites 

Ostwidd and Itraiier, iii (he seru's (jf rtseanhes |)re\ioiis|\ alindeil 
(o. nidieafed the acliviTv of lln- oxides of inaiie.jnese, h'ad. si)\er, 
eopper, eliroiiniiiii, iinlo'l loli.ill, \aM.idnnii and iiioh hrleiiiiiii, hut 
stall'll that they wen uli iiilerioi to |ilalniinii in <<it.ihit(' aitiMly 
Frank and ('aro pioposed I he use of i eiia and 1 lioria, w liiFl U end rim r 
tiilp'Hi'sted the hlai k oxide of iiraiiiiiin, 

Dlinni.' till' peiiod of the v\ar, ri'se.ueh m file I|||||''.|I ion ol iiiin- 
platiiium mtahsls has heeii extnnieh atn\e. espeiialK in \iniTK.i 
and (lerinanv, where Ihe dearth ot [ilaliniiin was soniewh.il aiiite 
Allhoiieli no noii-pintiiiiim latalvlie pioeess h.m heeii .is'tired ot 
techmeal de\elo|)ineiit.* iie\ iTlIieless the refills olitaiiied on ,i small 
scale are sniln lentiv eiicoiinieni),! to jiistil\ I hen ( niilimi.ini >• 

ill Hies and Morton in 1 lie I’ml eil Slates ha\ e reinvest le,, led Du Motav's 
alkaline pluIlll)l1e^, espeeinllv 1 hose of inai'iiesimti /im (.idniiiitn and 
iilimnmiim, wn li success Their le.H tiv it\ towards nn taK ,itid .ill I onus 
oIbI ass and sila.i at hipdi li'iiipeiatiiii s is the ehief oh|eelion to i hen use 
In Fjlp:laiid. Maxled * li.ts nivestij'.ited the Use of oxnles ol non 
admixed with (criani |noiiioli'is stuh as copper oxide, lime, m hisiniith 
oxide fie has .shown that the i mi version of .immoma-oxv yen mixtures 
can lie accoinplisiied m heated tubes, specialH activated on ihe 
inside, with more tlian a IK' pin eeiil ellieiem v The short lih' of llie 
catalyst under tlu'se comiitioii.s is llic cliief drawli.nk to In-., piovess 
The us4' of oxvyeti nisle.id of air is obviously oiilv penmssihlr m cmi- 
pnietion w it li a sytil lietie aniinoma pi,ml ni vvhii li the oxvyen ft.n timi 
from the lii|uid-air plant ii.seil in the pri'paralion of the mtroymi would 
be axaihiiile 

Tlie lladisehe film in (lermanv h.ive iiive-stiyated the elb'ct of a 
yreut mimlier of jironiolers on active or feeiily active latahsf.s, such as 
telliiniim and lead oxides oii pliitinuin, lusimitli. chronmim. ami cerium 
oxide.s on iron oxide 

The yields under approximately identical conditions for ,a numiier 
of .such mixed oxide eatalvst.s are yiven in the following table 

' H I’ SiH.lSTI 
' .sk'c iiii/^ 1' 17(1 


M) K 1“ 2.1i;i.“'i 

' ,/ .Sm nim Ind, 1917.36, 777 
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Mlvc'l osilUn 111 
I'i- 

I'Vlil . 

VvCh 

I-VCr- 

FoW 

i-.'rii 

r.K 


I‘<T <'<-nl \ ultl' 

. s:i-r. 

94 Li 
. 92 (» 

. 90 0 

S9 
H7:i 
. S2 0 


Mist'd ovidfsof 

F.'Sl. 

Ffl'r 

F.'Pl) 

Ft'Mil 

FfZii 

FcCa 


IVr iT'iit yii'lds. 
. S2 5 
. 82-0 
S9 S 
. 791) 

070 
0(0 


It Will ho at t)no*‘ ovidont that “ oxy/'on oarriors “ a|»|o‘ar to ho tho 
ipfti noil f(»r ammonia oviilalion. and tho onhaiH-od aotivitv o{ 
binary and rornary mixtiiro.> of tho oxides of those (‘|(‘mont.s whioh 
jioshoss at least two or more well-defined oxith's imhoatos sotm' relution- 
slii|i in this case hetweim the catalytic aetnify ami tin* prosonci* of an 
osci}latiii>r hiiiher and lower oxide fimctioniiie as an oxyotm earner. 
Tho [ireseiieo o} a iHimhor of oxides evidentlv im reases the tom|ieratnro 
ranee of eatalytie aetivjty lie aflectinu the ^fahilitv of the oxides. 

ll IS jiiteresime to note fiiat ehronnum o\nh' e\ (‘hromiiim salts is 
lir.ictie.illy inert, hiif the oxitle obtained li\ the iemiKni of ammonium 
hieliiomali' ext'rts a verv marked eatalvtie .ieli\itv 

The tdi.s.'ivatioii o) OstwaM and Hrainr. nanielv, that tho periixl 
of eoiit.iei witli non-|)Iatiiium oatalyst.s must I'oiisidi'ralilv exceed that 
neci's.sary foi jilatmum, has been rejx'attxlK' lontirmed The practical 
(bllicultios associated with tho uniform heating, ami at tho same time 
eiisuiine a uniform stream line ilow through a shallow' lieil of small 
briquettes oi powders of sm h materials, ,i|so pIesenl.^ grave ti'chnical 
(bsadvantagi's These, however, sei'in to have been ovenoiiie m 
certain (Jerni.in f.ietorio' 


Thk <)xii>,\iio.\ of H \ I'lnx Hi.onir Acio 

l*’or the manufacture of bleaching powder, bv the absorption of 
chlorine g.is in slaked lime, largo qii.intities of chlorine are annually 
consumod, and con.si'quontiy the oeonomical production of chlorine 
becomes one of the serious jirobleiiis I'onfronting the alkali imlustry in 
its course of development 

In I82d the I.,eblanc soda proco.ss was intro<iuceil into Knglarid by 
Muspratt At first tho hvdroclilorie and resulting from the salt-cake 
process was turned into the air. but. owing to the pressure of tin* 
Alkali Acts of 18(33 ami 1871, as wo]! as the si-rioiis eompetition of the 
Solvav ammonia-soda jirocess introduced in 18()(>, the utilisation of 
hydroohloric acid in tlio most profitalde manner lasuime nocc.ssary to 
on.suro the financial stability of the older Loblunc jtrocoss. With the 
increasing extension of olectrolytio methods for the pnxliiction of soda 
from salt and tho displacement of lileadiing powder by liquid chlorine 
in tho indiistrio.s, it apjiears jiosaiblo that the final development of t ho.so 
processes has now been reached. 

The Deacon process. -Tim possibilities inherent in the oxidation <if 



180 "'fCATALYSIS IN THEORY AND PRACTICE' CH; 

hydrochloric acid by means of atmospheric oxygen attracted the 
attention of inventors at a very early date, notably Oxland m 1840, 
Vogel and Thibiergc in I85b, and Binka in 1860 It was not, however, 
until 1868 that II Oi'acon and F Hiirter established the ])rocess as a 
jatisfactory technical industry. 

In its earliest form the liydrechloric acid from the salt-cake pans 




was mixed with four volumes of air and passed through iron siipor- 
licaters to the contact chambers The contact chambers or decom¬ 
posing towers were iron cylimlers about 12 feet wide filled with broken 
clay brick impregnated witli eiiprous chloride (Fig 11) (the bnok 
containing from 0-6 to 0-7 per cent of copper as tlie chionde), main¬ 
tained at 500‘' by the waste heat from the fiiijKTlieaters. About two- 
t liirds of the hydrochloric acid was found to be oxidised according to the 
equation 

4HCU02 = 2Hj0 4 201j. 
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Condensation of the steam and unchanged hydrochloric acid was 
effected in earthenware pipes, whilst the residual 5 per cent to 10 per 
cent of chlorine gas was dried in sulphuric acid prior to absorption in 
slakedlimo, 

.Several technical difliculties were inherent in tlu* earlier plants, 
notably the loss of most of the “ [)an acid ” and all the “ roaster acid ” 
from the Leblanc process, the impossibility of obtaining a continuous 
supply of gas, the rapid poisoning of the catalyst, and the V(‘ry indifferent 
yield.s of)tained. 

Haseiiclever, in 1883, introduced the method of purifying the 
hydrochloric acid by ab.s()rption in water and l)lowing the purified gas 
but again l)y air in the presence of sul]>huric acid. A sulphuru; acid 
drier for t)ic gases prior to passage through the suj)erlieater was simul¬ 
taneously intn»duced. By this method a continuous supply of pure 
gases free fron\ poisons sindi as suli>hurje acid. h\‘Cl 2 .S() 2 ,As 2 ().j, and 
carbon dioxiile was thus obtained. The life of the catalyst was extended 
to from ten to twelve weeks, ami more than 12 tons of bleaching powder 
could he ])n‘pared with the loSvS o{ only I Ion of impregnated clay. 
Subsequent improvements in the yield were made as a result of the 
investigations of J. II. Harker.^ Lunge and Marmier,^ (L N. Lewis,^ 
and Vogel v. Kaickonstein.'* 

It was evid<*nt that tin* pro(“es.s involved the partition of hydrogel 
betwei'ii oxygen and clilorine. the reaction 

4H('I f ()2^‘^2CU-2Il20 


being strictly reversible. Also the function of the cuprous chloride 
was shown to be purely catalytic in estaldishitig the equilibrium at the 
temperature of operation. 


The values of the equilibrium constant A'L-Ul diJTf'rent 

ynci-f'O, 

temperatures were investigated, using the dynamic method by von 
Falckenst(‘in, who passed different gas mixtures of the four constituents 
over cupric chloride and platinic chloride catalysts, maintained at 
suitable temperatures in an electric furnace. (1. N. Lewis utilised the 
static method, obtaining equilibrium when commencing with mixtures 
of liydrochloric acid and oxygen. 

The following results were obtained : 




Temperature. 

t>K K. 

352" 

2-4;i 

350 

1-90 

419 

1 '52 

450 

1-441 

600 

0 

650 

-0'4 


’ ZfUsch. phy>nkal. Chem., 1892, 9, fi73. 
* J. Amer. Chtm. Soc., 1906, 38. 1380. 


2 ZfU^ch. njujew. Chm., 1897, 108. 

* Zett«ch. physical, ('hem., 1909, 65, 371. 



182 


CATALYSIS IN THEORY AND PRACTICE 


rn 


If thd heat of rnictKin Q cals) l)c a'^'^iiiooii to 1 h' hi- 

(h'jiotxli'iit ot the tcm]K-iattir(', Lxwis sliowi'd that tlio \aliu's of K at 
variixis tciii()('ratiircs coiiM lie caK iilatorl from tlio follow ui” cijiialion 


Till' n-iu'iion nia\ of coiirv In- toiiMilcriMi .is llir (oinliiii.ition of 
two nim|ili'r rr;u tioiis 

I n^, 

-'ll'l ll.-i-t'l', 

if A\ /*" _ .uhI A, I’" IV. 

/')i o f'mi 

tlicn |oo^„A' . 2loL't,AV Io<!,„/i, 

Ailopliiiff NiTtisI ami \\'urli'nl)('r;f s lionros |oi ilia dissu* i.ilion of water 
viipiiuraf liioli t('m[H'ialu[('H 

1 ' ''' " -■■■ 

and cmploviiijr for A'^ flie s.iliii' Iimih (In' (oirespondma iiiirslmations 
of Doli'Zali'k ami Lowensfciii on (lie cIi'mk lalioti o| li \dlot Morn .u id 


It follows I lull ■ 


too,,, }\, 


'IliL't, 

T 


(I H 


rnUd 

7' 


17:. low T 


IMIOlIdH 7’- I 1 


KiIIht of till' al)ovi' l■^|llatmns \alii<", of A wimli appioMin.ito 
viTV rloM'ly 111 till' oliM'ncd lallK's Neilisl' foilowiiifr 

<-aI('uldt(‘<l valui-s, m_<lo.M‘ aom'iiirnl, witli tlie delmmm.LMons of 
V l'’iilrki'us|cin 

trill 1 ,'.ii 

non niKin 

(),)0 IMHO 

Tin fniotiomil roiii I'r.snm of liydrm liloric acid m drv air info rliloniie 
I'Uii be calciilafi'd Jli a .siiml.ir manner to that dolailcd in tlic o\idatioii 
of sitlpliur (ilo\i(lc li) till' contact process If j be tlm [)crci'iif.i}:r of 
tlic iivdrocldoiic ai id. it' is easily seen that 

• ('f 

r„u 2(1-/)(1 

Excess of oxyitcii IS tints iioiicficial to tlic McId of ililoniic, but tin* 
coiivcrsioii IS not appreciably alfcctcd h\ .sholit alterations in the air 

* A)jlih(ii:iiiii of Thinno'lijmmiC'' (« I hoimlnj. S'* 
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supply owihii to the ih^poiulonn* of tlu* I'jjuililiriutii on the fourth root 
of tho oxyi'cn pn sMiri' only. 

TIm' nuT(*as«' in tlu* valnc.-i of K with (hvn'U'^o in Icnipcratun* pointed 
to tlu; noofs^ity of findiii*; suitahh* catulytu* material for inereasinj; tho 
reaetiiin velocitv at low temperature.'^. No catalyst has as yet been 
found superior or «‘ven eipial to ilurterand Deacon's cuprous chhinde. 
With pumice iinpn-j'nated with cuprous chloride lainj^e and Marmier 
foiiiul that cataly.sis was already commencin;' at 310^'. hut the reactimi 
Velocity was still very .''low below -liHr. At 4.30 -Hit)' flu* reactiiin 
velocity IS sulliciently rapid to one a satisfactory yiehl un<li*r technical 
w<»rknie condition.'^, 

Hurt<‘r sujjjrested the use of cujirous chloride from a survey of the 
Jieats of huination of the clilorules aiul oxides of the various eh'iiu'nts. 
sluoMiie tliat no other <*l(*ment except eopj)er lormed oxides and 
chlorides lu which tlu* combination was ol .so 1 oom‘ a rharact(*r^ The 
meclMtiisiii of tlu* reaction acconline to Deacon i.'' bas<*d on tlu* followiiif^ 
cycle 

•JCutt - Cu>(’U t CL 
Cm.,CL i 0 - Cut).Cut'L 
Cu,,ttt)f 2HC1 LM'utl f H,t) 

L(*m and Dettoni. a^. the result of a senes of <*\perinients with various 
catalv.sls.- such as t'uCL CiiStt^, Mnt'L M^t'l^. and hot pumice, 
arrived at tlu* <-oneIusion tliat tlu* exlraetion of water was the chief 
tu net ion of tlu* i-ataivst, and that tcni^torarv liulrati* foi mat ion played an 
important roh* in the proct'.ss ; 

CuSO, ^ 'JllCl t 0. -CuSt),.ff3) , C!,. 

CnStlj.lCt) -CuSt)j 1 II,t) 

SuliM*(jiientlv t!ie oxvchloruh*. Cut).Cut'L was isol.tti-<l aiul flu* onjtmal 
views of Deacon ami lliirter n*e<*ived further support in the discovery 
that most substanee.s cajuibh* of forming oxychlorides were cat!ily1u*ally 
active. Then* is some (*vjdence, howe\er, that the whole of the 
catal}.st i.s not converted to tin* oxychlornle at any stage in the 
proce.ss, suggesting that the oxide ion enters here am) there into 
the iatriie of tlu* cujirous ehloridt*, and is then again rephued. 

V. Caleken.sTein drew attention to the necessity of ean*fully drying 
the gases before catalysis, and he .showed that if the ellluent gases 
w<‘re dried by sulphuric acid and again passed through the catalyst the 
conversion would rise from to 8') t>er cent, and on a further pa.ssagi; 

to jkt cent, owing to tJio shifting of the equilihniim ratio, - hy 

C(, 

the ul).''traotion of the water formed during the reaction. 


> ./ .S*(V, Chitn. Itui. I88:», 2, IOC. 


* (Jauftln. llHl.i, 361, 320. 
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Tho two technical difliciiltics associated with the use of cuprous 
chloride as a catalyst arc its sensitiveness to poisons and its volatility 
at the lowest working temperature, 450'^ 

Hascnelevcr’s method of purification of the hydrochloric acid clfects 
a very considerable improvement in tlic jninty of tiie gas, but sulphur 
dioxide, as well as sulphuric acid spray, are not entirely eliminated. 
Kolb, in 18f3l, suggested the furtlier piinlication by passage over hot 
salt maintained at whereby sodium sulpliate was formed, and a 
small additional <[ijaiitity of liydrochlone acid would pass on with the 
mam gas stream 

Less volatile but inon* incHicicnt catalysts fli.in ciijirous clilonde 
have been proprwd from time to time, but owing tu the ba<l yields 
resulting from the higher temperatures employed they have not found 
technical upplieation 

Aiiiong.st the more important may l>e mentioned ferric chlornle, 
suggestcil by Tiiibierge in IHrch, and platinised asbe.stos, l>y Weldon, 
1871 Hargreaves and Robinson (1872) suggested elironiic ovide, 
He Wilde and li(‘ychier mixtures of muiigam'se am) magnc.suim 
chlorides, m which a complex oxide was a-ssunied to be an mtermediary 
III the cycle of reactions • 

3Mg(’I, f^Mnda+HL-- MnjMg,(L + li(‘i,, 

MnjMg,,Og-t lbll('i-';mgC‘]^t-.3Mn('l, i-8|[,()c 2d,_. 

\)\i7, and Margosclies, m employed tlie chlorides of | he rare e.arlhs, 
whilst Dleffenbaeh, in 1 !> 0 S, suggested (he double ehlondes of cofiper 
ami otiier elements 

Momd pfit forward a aomewhat ingenious sfheme to obtain more 
coiicentruted cliionno gas than that obtained m tlie usual Deacon 
process. If air and hydrocliluric acid be passed alternately over heated 
nickel oxide deposited on pumice, the oxidation of the hydroclilnnc 
acid can be ma'lc a two-stage process through the nilennediarv forma¬ 
tion of nickel oLlorido, winch is reconverted into the o.xule by the air 
The idea does not seem to have been developed 

The Weldon process. -In 1869 W Weldon^ introduced, at St Helens, 
a process for the oxidation of hydrochloric acid in solution At one time 
the proci^ss Imd a very considerable industrial iiiiportance, but is 
now being .supplanted by modifications of the Deacon proce.ss already 
described. 

Weldon's procc.s8 sulfcns from the disadvantage that nearly 60 per 
cent of the original hydrochloric acid is lo.st in the form of calcium 
chloride, in addition to 3 per cent by weight, on the chlorine obtained, 
of the catalyst, manganese dioxide (pyrolusite); but its development 
was doubtless due to the great advantage it possessed over the Deacon 
process, in that the chlorine gas evolved was very concentrated The 
> B P 8306;I886 
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of ti?clmiral operation is as follows : hydrochloric acid, approxi¬ 
mately 30 per cent strength, is first oxidised by means of manganese 
dioxide: 


MnOj + 4HC1 - Mnt'la -♦ i'h + 


The spent manganese chloride solution is then carefully neutralised 
with limt‘8tono, and after removal of any ferric )iydroxid<‘ l)y ])ro- 
cipitation, is made alkaline hy the addition of milk of lime. 30 jkt cent 
in excess of that required to j)roci]>itate all the mangamnis hydroxide 
being added: 

MnCU 1 ('a(0H)2-MnfOlI)^ f Cad^- 

The Weldon “ mini ' is now aerated at ’for several hours, 

caleium manganate being finally procipitati'd : 

2Mn(OH)2 I ('a(0n).2^-(’a0.2Mn<)2 * nil^O. 

On the addition of more manganous chloride and Inne during the 
proci'ss of aeration, a furl her oxidation ensues : 

2('a0 . MnO^-t 2 Ca(()H )2 + 2 MnCl 2 f 

-2((^i0.2Mn02)H 2Ca('l2 


]t will be noted that when the regen<‘rated manganese dioxide is used 
for the oxidation of a fresh quantity of hydrochloric acid a very con¬ 
siderable ({uuntity of free base lias first to be m*utra!is(‘d. thus again 
lowering tlie conversion efliuiency of the process. 

The niechani.sm of the process depends e.ssentially on the use of the 
manganese salt as an oxygen carrier. Although \se lan show from 
the previous considerations in the Deacon [)roee.ss that almos))heric 
oxygen should be able to disj4ace the chlorine from (‘Ven weak solutions 
of hydrochloric acid, no active catalyst for tins reaction has yet been 
found. If we extrapolate from v. Kalekenstein’s figures. tJie jirobablo 

value of A'' = , at 0", we obtain a \alue of K Tlie 

[JlCl]“[02)*^‘* 

solubility of chlorine gas under 1 atiiio.sphere is about J gnu per litre, 
and of oxygen under two-fifths of an atmosplM-n- 0-()()7 grin jier litre, 

or [irifL ^ saturated with both gases at the resjiective 

1^21 ' 


pressures = 


0*085 


approximately. 


Hence | p 10*^ y 0-0H5 


Cal0«. 


That is to say, the dilution below which atmosjiluTic oxygen would bo 
inoperative in displacing chlorine from hydrochloric acid is remarkably 
small. 

Weldon relied upon the preparation of a more active oxidising 
agent than atmospheric oxygen, so that the oxidation of the acid might 
proceed at reasonable velocities. The method by which the oxidising 
power or oxidising potential of atmospheric oxygen is raised above it« 
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iKrrtnal value at tlio (“.X|iense of the I'jicrt;}' lost jti tiie coiiilfmal ion nf 
tin; ill III with tlie free alkali, is uii Hileicslino one 
VV(‘ may write (lie ovulation reaitmii as follows 

Mii(L l-2iy)^:^Mn(0H),s 2(0H)'s 2 0.^'^ 

Mn t 2(011)'4 2(011)'-I •>'■{' 
Tlifi [inleiitiai ilifferenee between an (MriOJ eiectroiie iinniersed in the 
Weldon nunl and the solution itself is [riven by the equation 




nr (MnOJIlLop 
-k iMit' |Oll')^ ' 


nr 

2f 


log/v 


II > 

Mil ’ 


Bince I MnO^jj and | ILO| (an lie assumed to be constiint 

If tins eh'ctrode be omijded np witli an aiiviiiarv oxyjreii ehs'trode 
Jii a neutral solntiom nenlei tin;: the I'i> ,if the boiiinlaiy of the 
Weldon mud and the ehstrolile siirroiindiiie llie ow'irini r'lectrode, 
the E iM F of the cell lliiis set ii|i is oblaiiiable from the lollowme 

"‘''“''""'"I' ISO, j M,,(0I1|, I M.,0,Pt 

A’l ii. 


V E, K, 


/•;„ I 


nr 


loji 


'o 

V>(ij 



il ' 

\1n 


The value of is a|i|iro\mialelv I 22 volts, takuijr ]> .'is I almo,sphere 
and a neutral electrn|} le 

'The value foi can In' obtained Irom tii<' invest itratioiis of Towci ' 
ln[ilis,-and llaehneb’ami ni.vy lie taketi as eqii.il to the value A’',, I d'l 
volts 
lienee 

HT 11^ 

-122-1,r.i (lot; II- 1 


irr, Mu' 

''■’« II, 


(I III I y l.is Mil (Oli'p 


where! is till'valii!'id the prodiiet C|i ('(in • Cu’m |iure walei 

In iL neutral solution tin' solubility eoelln miit Mu (OH')- I ' In *'’ 
apjirovimati'lv 
ib'iice 

•I V 10 

A’,- A',- --(ll3t()ll2'.lloir . -111.5 to l.u-(132 volt 

' “ ' {ll,)X 10 

In a simtlar mamier we can caleiil.il«' tin' P 1) of the <'ell m normal 
liydrioii coneentralioii and witli a normal Mn” concentration 

I' - 013 1 'i l»s Mn" - *’d 3 lop 11' - - IU3 
2c 2c 

' phi/M Chm . 180,'). 18 17. 18 ’ f’JUktr^hnn , liK'l), 99, 2.’b 

’ IluJ . I'lOlt, IB, Hi 
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For a nonnul Mu'”' concvntralKui IM). \voul<l oIk ioiisly Ix' rnurh 
gn‘at<‘r. 

ThiH in acid solutions tho oxidising poti-ntial of tin* MnO^ (doctrodo 
excfods tliat of atmos(‘htTi<’ oxygen and nocossardy lliut of cldorino, 
sinco in n-liydritin concentration tin* c<‘ll, iMO.» ('!.> Pr. has an K M K. 


* 1 ^ M‘t't -l-.'t'i 0-U \olt. 

\po.(p. i)- 


iiHlicntiii'i that tin* inan;ianes«' rnud ” has an oxitlism^ potential at 
least 0-27 volt ln;iher than the liberated chlorine, tlius jiivinj: a measure 
of the enerjiv available for oxidation ol the hydrochloric acid, in 
neni ral :-olutions the maneanese mud ' possesM'san oxidising potential 
inferior to that of oxyei-n (tr of chhtriiic 

In aifiial piactice more alk.iii has to be aihb'd than is neec's.sary 
to »*nsure the oMdatioii of tin* manganous salt In the oarly experi- 
ments of Weldon. led soIuIkuis uere occasionallv obtained diirine the 
jiroeess ot oxidation, and it \sas found that tin* <pmntitv ol maneanese 
dioxnle formed during aeration wa^ \ery .small It was iiniillv shown 
that the red eohmr was due f<* tin* formation of niiineanoiis mani'anie. 
oxide, o\Miii{ to a detieieney of base. a< eoidiiij^ to I he intenn t ion 


where 


or 


MmO. t .Ul.O,. 


"CMiijd., ■ oir, 

, (MiiiM(II.O)l 

lo'f 

(Mn/tp-'idll') 


/: 


irr 


lo<: ( 


. H' 

Mn- 


Other processes for the oxidation of hydrochloric acid, tiwin;.; to 
the inefheieney of tin* Weldon pro<ess from tin* ynld point ol \ie\s, llie 
inventor and Peehiney e\penmente<l for m<in\ ve.irs on the production 
of chlorine by the uni of tin* followinir cydn* proee>> 

4Mk(' 1-> i 21I.(» f 0„- tMeO I liK'l ■ 2(1,. 

"MeO", 2ll(’i 

A pure magm’suiin chloride was not utili.sed. but tin* crude ln|Uor after 
evaporation was mixed with the re«|iiired amount ol powdered niaenesia 
to form the oxychlori<{e. Mj'd. .M^d 1,5. prior to divin;: at .ItHT’. The 
chlorine and livdrochlonc acnl together with .some stejuii were removn-d 
by an air bla.st at ltH)() . 

Another ingenious Jimce.s.s wlneli has heen the subject-matter •)f 
various patents involves the follow'ing cvehc pioeess. m which oxides of 
nitrogen plav the part of catalysts, as in the sulpliurie-aeid leud-eliamber 
pniccss : 2H^0, 

IlX’O^ + XOCl =NjO, ^ IK'I. 

lljO t 

NAf02+H20 = 2 IlN 03 . 
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This idfii, (Icvfiiojml Ly Dunlop in 1849, togotlicr with the Weldon 
IV'ohincy proress outlined above, does not appear to have received any 
cnnsiderable teclniical development 

Till'; Fkactional Comiujstion ot' Hvdkoobs Si'LI'Iiiul; 

We have already indicated the technical signdicanee of the catalytic 
processes employed for tltc oxidation of sulphur dioxide to sulphuric 
anhydride A groat part of the dioxide utilised for tins purpose is 
(lenved from the combustion of natural sulphnlcs, especially pyrites 
and lilende, or from artificial sulphides siKih as gas-works spent oxide 
yet a eortain quantity is alwavs obtaini'd from the rombustion of 
elementary sulphur, In 1H82 Claus iiitrodined a method for the 
fruetinnal eomlnistinii of hydrogen siilpliide into siil|ihiir and water, 
thins jirepanug sulphuric aeid by a three-stage jiroeess 

(1) e2S, 

(2) 2Hi20,-=286i, 

(2) 2S0,,-!-02+[[,(i.--H,8<\ 

It lias been sugge.sled that the eonibiistioii uf livdrogen sulphide to 
stil|)hiir dioxide could be accomplished m one .stage, wliieh. in tlie 
presence of excess of air, could bo used directly for the preparation of 
,'uilphunc acnl Tins idea dte's not seem to liaie received any tedinieal 
dev<’lo|>nient, chiefly on aeeoiint of tiie very large quantifies of diluent 
nit rogen present in the n-sultmg siiljiliiir-dioxide gas tmxiure 

The (daii.s process, however, in (he li.iiuL of A M Chaix'e, lias 
bei’ii ilevelopi'd, and at llie present time is the most safisfaelory inethod 
of dealing wilh the alkali wasic of the liehiane soda process 

Alkali waste contains some 41) per cent of ealeium sulphide, 20 per 
emit of ealeium earboiiafe, and 10 [lei rout of lime, Ihe residue eoiisi.st- 
iiig chielly of silicates with small ([uantitie.s of sodium earhonate an<f 
iron siiljihate Chanee modified (lossage's (tt^3lS) process for the pro- 
diietiou of a gas rich m aiilpliuretti'd hydrogen by decomposition with 
carbon dioxnle Carbon dioxide from lime-kilna is passe<l tlirmigli a 
S)‘t of r'arbonutmg towers through wliith a suspi-iisioii of alkali waste 
Ihiws 111 the eoimter-eiirrent (lin'etion In tin- flost tower sulphuretted 
hydrogen is evolved according to the equation 

Cay 4 Ui,0 tC02--CaC0j i-lLS 

The hydrogen sulphide diluted with the lulrogen in the original kiln 
gas passes to the second tower, in which the hydrogen sulphide is 
absorlied, with the formation of calcium hydroaulphule 
CaS 4- H 2 S = HjCaS^ 

On earboimtiiig this solution a gas containing twice as much hydrogen 
sulphide as was obtained from tlie first tower is evolved and collected 
in gaa-holders over water covered with a layer of oil 
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The sulphuretted hydrogen thus obtained, of about 38 per cent 
purity, is mixed with air in the proportion of 5 volumes of gas to 4 
volumes of air and passed into the Claus kiln for fractional combustion 
into sulphur and water vapour. 

The Claus kiln eon.sists essentially of a fire-brick cylinder containing 
a grating on which the catalytic material, usually bog iron ore (hydrated 
ferric <)xi(le ignited at a low t(‘mperature), is deposited. The com¬ 
bustion is started by throwing a little red-hot coal into the furnace 
.and is maintained by the licat of the reaction it.self. The temperature 
of the cflowing gases, one foot from the kiln, should not exceed 30()'\ 
otherwise a loss of sulphur occurs. The hot ga.s(‘s are sukscquently 
pa.sscd into a seric.'? of condensing chambers, where part (d the sulphur 
cimdenses to the liquid state, and the rest is recovered as flowers of 
sulphur in the c<uulensed steam. 

In order to minimi.se the loss of sulphur eompounils (H.>S or HO^) 
in the rllluent gases, the exact theoretical ratio, O.^. require<l for 
combuMion hi tlie ent«.*ring gasrs must lie maintained ’fhe temjierature 
of lh(' catalyst is uuiinlv deterintncd liv the spee(i of passage of llu' ga.s.^ 

Various (dher catalytu- materials for tliis combustion process have 
been utilised, such as broken liro brick, bauxite, and drieil Weldon 
mud. There, are, howi-ver, two distinct advuntage.s in making use of 
an active catalyst which will operate at low temperatures First, the, 
life of the kiln and the comlensing clianibers is eonsiderablv shorteneil 
by liigli temperature operation, and, .secondly, aliove an interest¬ 
ing reverse reaction lietween the sulphur and tlm steam formed begins 
to take ]dac(' with appreciable velocity . 

2 H .,0 

It i.s extremely probable that the flowers of sulplmr rei'overod in the 
condensed water do not originate in the original eoiuh'n.sate of suljdiur 
vajHHir from the combustion process, hut result from the interaction in 
solution of the •.sulphur dioxide and hydrogen sulphule formed in the 
low’i'T parts of the kiln and in those coiulensers wlucli are above l()(F 
to 2(Mr. 

The catalytic ai'tivity of oxides of iron and nuinganese in the ('lau.s 
proce.ss is usually attributed to tlie property these* elements have- of 
forming more than one oxide, Thus jiermitling the assumption of an 
oscillating oxide acting as oxygen currier: 

^- ^^2 

i ! ] 

HjS > Fe^O.^- HjS. 

Some exjxirimeuts by the WTiter.s, however, indicate that iron sulphide 
is an intermediary compound in the process of oxidation, and that the 

^ Ser, horevor, Carpenter aiul Linder, J. Soc. Chem. In4., 1903, 22, 457 ; 1004, 23, 
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mochanisiii of oxnlation can be more truly roprosented on tin; following 
litn's, making tlie Cl.uis [irooess «imply an i‘xtennioii of the ordinary 
gas-worka pnici'SR of spent oxide rovivilication 

hOHsO-i S, 

4FeS t-.‘iOa^:^2Ke/)Ti4S 

CaTAI.^SIS in 'lllK I'l’KIFlCATION OF Il.Lt'MlN M'IS'O CaS 
AN!) Oaskoi.'s FoI':i,s 

As IS well known, illiiniiiialing gas after lea\iiig the .seniltbers 
eontaiiis various i|Uantiti<'s of sabstiiiue,-. wluoh an* deleterious in tlie 
uses (o wliieh tlie gas is siiliseniieiilly put Thus, in addition to 
siihstances like earlion dio\ide. winch lower the illmninatiiig [lower and 
ealorilic valiK* of the [uudiiet. the .seiuhhed gas ntav (oiit.uii anything 
from 0 .') lo 2 n per cent of siilpliiirerted iivdiogen as well as organically 
(onibined sulphur compounds, siidi us <Mrlioii ilisul[i|iide thioplieiie, 
and nu-naptiuis, to the e\(eiit of I'l to HD grams of sulphur |ier K'O 
ciiliic fec't of gas Sueli sul|)liiir ujiiipouiids, Since, oii combustion, 
lliey jield Hiilpliui dii>.\iile. are disagreeable eonstitiicnt.s of the final 
prodiut Their removal is (onse(|uentlv desirable liKh-ed tlu' 
removal of free Miljihiiretted li\ilrugi'U is leipiired hv statiitorv regula¬ 
tion hhirmeilv. also, llie rmiiov.d ol the rombmed sulphur to a lertam 
degree w.is also reipiired by statute, but tins is m) longer rivpiired 

In praitiee it is the custom lo fre(‘ illiimin.ilnig .^nd ollmr gases 
from sui|>huret1('(l hydrogen bv [nissing fliimi through \aiious smialily 
moistened ahsorbeiit maten.ils, among wlmh llie more commonly 
emploved are lime, oxidi' ol lion, and iiiang.iiiese diovide m the form 
of Wehloii mud The foriiiei remove's lioDi rarlion diovide and the 
sulphuretted tiydii'gen, tog(‘thei with a fi,iefinn of the larlam di- 
sul[)hide pii‘S(ml Its Use, liowever, is liecomiiig more and more 
reslru'ted, e.speeiallv to .small niidcrf.ikmgs having a loe.i! m.irkt't for 
tin- [irodiiet, sinei' the dis[)os.d of the spent !um', eonlamiiig both car¬ 
bonate and a sludge of ealcium siil|ibHle. is both dilii.iilt ami disagree¬ 
able owing to the obnoKioiis odour whieh the inati'ri.il possesses The 
oxides of iron ,itid iiiaiigaiieHe are iiureasinglv used, and in a imuimw 
which involve.s their functioning as catalysis 

The elimmalion <if siilplniretted livdrogeii by lucau.s of oxide of 
iron IS earned out in liuge boxes earrving the absorbent material 
'I'his IS generally employed in the form of bog iron ore, whi< h. from its 
content of organic matter, is poious and thus favours ready trausfoima- 
tioii lo stiliihide If the jireeipit.ited hydroxide bo employed, the 
material is geimmlK lighteimd by admixture with organic matter in 
(lie form of sawdust T'he material is at all times kept suitably moist 
Absorption of the suliiliuretted hydrogen involves a otiaiige of the 
absorbent from the brownish hydrated oxide to the blackish-green 
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sulphide. Ferric sulphide and ferrous sulphide and sulpliur arc the 
products of the transforination, whieli may be symbolised hy (lie 
equations 

Fe..(1j fH„0 ^ 3Il2S-Fe„S,H 

H-P V - ‘JFeS + tlU). 

Aft*‘r absorption ceases, tiie suljdndes. by exposure to air. may be 
transformed into the original material with the simultaneous pro- 
fluetion of sulj>hur. which change may he represented by the eijuations 

2Fe,S3i ,m, -‘JKe.OjifiS, 
iFeS 1 30^-2Ft'^0'., ! IS. 

Thus, by alternation of the proe4'ss of absoriition and of exposure to 
air. or revivitieation. the original oxide of iron niav elleel the catalylie 
eonversion of the suipliuretted hydrogen to sulphur ami thereby tin* 
removal of tin* sulphur from the gas As miieh as oil prr cent of sulphur 
may tliiis be aeeuniulated In the oxnle bv alternation of the two stagi*s. 
and the resultant material is then a convenient source of sulphur f(»r 
sulphuric acid manufacture. 

In actual o])rr:ition uinler working conditions, illuininafing gas 
generally contains small ain<nints of owgen entering tlu* gas tlirougli 
leakages in the system. This oxygen (‘ifeets. to a I'orlain degiee, in 
the ho.\«\s, the process of r<‘V!\itiealloii attained otln'rwise hv exposure 
to air. The observation of this action of oxvgen lias le<l to a develo])- 
menl of modern gas punticatirm in wliuli the owgen «'oiitent ol the 
gas at tin' entrance to l)ie oxide pnriiieation sv.slein is eontrolh'd, and, 
d neeessiry. air is addeil to the gas to he |)uritiiM| to faeibtale the 
process td revivification ui siIk Thus, the priKcss cd purdication 
becojiics in csseiu'c the lataivtie conversion, hy means of oxnh' <►! iron 
acting as latalvst. of sul|ihiirette(l hyilrogen and oxygen to sulphur 
and water, according to the equation 

'JM..S f - 21i,,0 f 2S I I lO.ttDO cals 

The advantage to he olitained from the aihnis.sion of air to tin* piirirn'a- 
tion system is that the jiuriticrs <'an he worked for much hmger periods 
without re<-harging. In modern gas-works practire ihi.s pi>rio<l may 
amount to as much as six months per box witli a system of purijiialion 
enqiloving four boxes in senes Tlie amount (d oxygen added is 
re.strictod by two factors, the diluent «'ffeet on the gas of the nitrogen 
simultaneously added and the fact that the heat efTect. of the reaction 
may be so great locally as to cause combustion (d the material in the 
purifiers, with cons(‘quent introdin tion of sulphur dioxide into the gas 
and disorganisation of the purification system. The can* reijuisite in 
this regard will readily be appreciated by the gas engineer who has 
knowledge of the strongly exothermic nature (d the reaction, which, as 
given in the equation above, amounts to 1 !0,<HK) cals. 

Precipitated oxide of iron, an artificially prepared material, has 
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come into oonsidtrablc usfi as the catalytic material, since its action is 
found to be more vigorous than the natural bog iron ore For similar 
reasons, the manganese dioxide of Weldon mud is also employed, its 
reactivity with sulphuretted hydrogen being computed to be five times 
that of the bog ore Ail the materials are employed until so far loaded 
with sulphur that they are available as an economical source of sulphur. 

It 13 to be pointed out that all the fuel gases of industry contain 
greater or less amounts of sulphuretted hydrogen, and arc therefore 
lM)tential .sources of sulphur supply for the sulphuric acid industry 
The gases from by-product coking ovens are also a further such source 
Since, however, the capital outlay m plant and space for oxide box 
piirihoation is ronsiderahlo, the economy of the purification process is 
.small, and these sources of sulphur have to a marked degree been 
neglected, tiio suljihur being left in the gas with consequent vitiation 
of the atmosphere in the neighbourhood of their combustion It is to 
be jio[icd that further improvement may be effected m the recovery of 
.sulphuretted hydrogen from all fuel gases, so as to render its removal 
a sDinnl economic proposition and thereby mmimise the dependimce ot 
tlie community for sulphur upon foreign soiircivs of siij>ply 

The elimination of siil|)linretted hvdrogen from coal gas by the 
nietiiods just outlined is remarkably comph-tc, and with skilled siqier- 
vision the qinuilities of .such gas m modi'rn dlimiinating ga.s arc negli- 
gible The process, however, excejit wiien lime is employed, fails to 
liring about the removal of the organically combined siilpliiir com¬ 
pounds, and, m the case of lime, only jiartial removal of earHbn di¬ 
sulphide IS effected Attempts to eliminate organically combined 
8iil[)liiir are almost as old as the illuminating gas industry itself, and 
as many of the suggested proeesse.s are catalytic m nature their record 
i.s essential licre ^ So far back as IKOG Edward Heard suggested 
passing the cnide gms over alkaline earth or certain metals or their 
oxides placed in iron tubes or other vessels and exposed to a furnace 
In I’ldmer look out palents upon a process of removal by pas.sdge 
of the oiiicle coal gas through heated tubes containing iron, oxide of 
iron, or iron stone, so disposed as to present as large a surface as 
possible In tlie 'fifties Thompson suggested a jirocess to operate upon 
a tecliniea) scale, of which the principle is merely to jiass the ga,s over 
lime heated to a dull red or mucli lower, or small pieces of brick or 
piimiee-.stone previously steeped m a solution of the clilonde of jilatimim 
Ifowditcli, III 18C0, patented a jirocess for removal of combined sulphur 
by passing the gas fir.st freed from sulphuretted hydrogen m the 
ordinary niaiuier through heated clay, oxide of iron, or lime, the 
temperature found most efficient being between 140'^ and 215°. In 
1870 Vernon Harcourt' proposed to decompose organic sulphur com¬ 
pounds by placing a mass of iron turnings or wire into the mouthpiece 
of each retort or by conducting the gas through heated tubes partially 
* Carpenter, Parijicanou v/ O’m by lltal 
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with suitable surfa(’e-{)n*seuti«e material, and a trial was made, 
in 1874 of the process suitably iiiodiHcd for technical operation. I. von 
Quaglio. in 1878. ]>roposed the \ise cd heated clay balls iinprejrnaled 
with the chloride of a metallic catalyst, or such metals themselves in 
powdiTcd form. 

All these ]>roccsses are in reality su^jfcstions for conductinj; readily 
by means of catalytic ai'<‘nts a reaction which may be illustrated best 
With reference to carbon disul]ihidc by means of the eijuation 

CS,. i -niy •Jll.S 1 (’ 

I'pon th<‘ laboratory scale this is rea<lily effect»*d and forms the basis 
of the llarcourt t<‘st for such suljiliur c«impoiinds. As aetually 
operated in the test, the ^as is passect llinnj^h a hca1<-<l lla.-'k eon- 
tainmjr plaiimsed j>iimic<‘ The <lisulpliide is dceomposis! (pianli- 
tativcly. ami the formation of snlphnnUted hydroj^en (h'termimsl by 
m<‘ans of a C(»i(nir test 

The installation of siieh a process of pnritication upon a lar^e 
1eclim<-ai scab' for the pnriticaiioti of illiimiiialm<i iias is rlue f<i Hal! 
and Papsl, of the I’ortlaml (las and t’oke (’o . ttn'f.mn, ISA Tin; 
dt’Vicc ])a1ei'trd hv Hall for the purpose is eomposetl of two heaters 
tilled with eloMpier work as m a waifT-eas plant, and a venerator from 
wliu-h tiu-y ale he.ited mteriialiy .iml altermitelv by producer jtus. 
Whilst the coal }:as is iMine Ire.iitMl tor sutpliiir i-ompounds in the one 
heater, the other is f)eme: luailed up liy the e.is from the "eiKuator, 
and so eontnimtv ot ]uintiealion is ( tisiired. Durmji us manv as 
SIT million eubii feet of eas were heate<| in tins wav at an average rost- 
st.lled to be ‘d J»er I'KMt cubie ferl The percentage leduetmil of 
combined sulpbiir in I lie ^jas 1 lirou''lioiil t be year averaged 7tl per emit, 
redueiinj tjje eonji-nl fioiii all aNera^ie of .'I'.i yrams to 17 {jrains per 
1(H) <-ublc feet The leni pera t ures empl(»yed Were |||<;h (up to'.KHl' j.s 
siieeesteil). so thul ilollbtless tiuTe Wcudd be ail areompalivmo loss 11 ) 
illnmmatme power. 'I'be pereontiU’e lediietion m<r-ased with in- 
cTcasiii}: temperature, varvine fn*m 2(i per c<‘iit .it 127 to 7ti j>er cent 
at 701 

The work ol Carpi'iitei and kAaiis' m Kiielaml iijioit similar lines 
may now la- detailed A vaneiv of caialvlic materials for (he ili-eoin- 
]iosiluin of the ori^anie .sulplmi b\ means of liydrojfen were sludu'd with • 
a vi<‘W to their applu-ation upmi a juadieable scale Amoii|^ such 
materials may be mentioned liri'dinck. piinme, iron o.sitle, platinum, 
ami nickel Of tlie eoniail materials stndn-d. piinme or fire-clay 
imprcffiiated with finely divided nickel was claisen as the most suitable, 
bein^f the most active and not jirohibitise in co.st. After smaller scale 
exporiment.s, a lart»e-.scali‘ plant with a capaeity of IJ miihon cubic 
feet per (lav was erected. This was later .sujijdcmented by a plant 

’ Caijinur.,/. lighting. JtUt. 126. '.‘I’S . Kouih. .SV, Chfm. tn<i, 34, 0. 

(I 
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dealrnff with !0 mi^on cubic feet- piT day in London and one at East 
fJroeiiwicIi ill hve units, each unit capable of (Jealin;^' with 3 million 
cubic feet of {.MS jier day The pas to be heated is previously freed 
from sulphuretted hydrogen in tin* usual way and passes through a 
system of preheaters and lioat intcreliaiigers to the reaction chamber, 
maintained at at which temperature a[)proxmial.eiy 80 jier cent 
conversion of the suljijiur comjioiind.s may he ubtained The heated 
gas leaving the reaction chamher flows fliroiigh the float excJiangcrs in 
the contrary direction, and permits therefore of economy m the heat 
reijiiired to be added to the system In tin* East- (Ireetiwuch plant 
the weiglit of metallic nickel einjiloyeil is 1321 lbs, eijinvalent approxi¬ 
mately to I III of iiietallic nickel per ItJjfKX) ctiinc feet of gas per day 
Tin* daily eon,Hiiin|)tion of coke for the same jilaiit amounts Li 't\ ton.s 
])er (lay. i'rovisioii ns made foi regeneration of tlie caf.ilytin material 
after a period of use. Tins is neecssary owmig to the deposition of 
earbon resulting from the reaction m tlio catalytic uiatiTial employed 
KegeiH'ration is (dlei teil liy Idnwing hot air through the sy.slem, winch 
burns olf the carbon deposit from the lire-clav ball impregnated with 
nickel The aveiage nshietion of siilpliui eoiUeiiL iti the H) mdliun 
ruble feet per dav plant ovi-r a iicnod of Mxleeii tiiiiiitlo w.is from 
4<t to K graiins ]ier UK) eidue fei't, or a j'l'O eiitagi' redm nnu .imounting 
to 80 pi'r cent Tlie cflectivi' reilm I nm is to a ('‘Ttain degret' go\ erned 
by the snipliiii coiiUmt of tin* gas. a iiiu\imum le-lm ijoii, eqiiuident 
to til pi'F cciil. Iiemg oliscrved on a gas ot 61 gr.iiio ef sntphiu pc* UM 
cubic iect. tlie miiiinium being 72 |)ei cent on .i gas of 1') grams sul|)liur 
eunleiil Tin* eifeit of the juoeess on tlie iliiiniiiialing power of ,i ncli 
20-eainlle-power gas was .spi'ci.illv .studied !t was found llnit the 
illuniinaling powet was umn!|iair('d, tlie a\etage ipialits liefore and 
after tieatmi'iil iui sulphur liemg 2or)t and 20 4f) candles re.sjiectuelv 
Tin* cost nt woiking (lie sidphiir extraelioii process is given .is 0 3d 
]ier UKKi miliii leet. including liiel maintenance cliarg-'s depreciatioii, 
and interest The cipital eos| works out at tioO*) per million cubic 
feet of gas |ier day 

It IS possible that yet another entalvtic reaction inav In- employed 
teclmieallv. m (he future, for lemoval of the eombmed sidpimr from 
fuel and illniniiiatiiig gases It is well known that carbon 'iisiilplmh! 
reacts at suitable temperatures with water to form earbon dio.xidc and 
hydrogen siilphnli', iiKordiiig to the equation 
t'Sj I 2 Hd)-C 0 ,1-2H2S 

In a Freiieli proces,s imtcnted by (luillet ^ this reaction is aoce.lorated 
catalyticallv l)V means of oxide of iron maintained at temperatures 
between 80’ and 3tX)'' deduction on a laboratory scale from 16 to 
4-3 grains [xt UK) ciibie feet was claimed at 130” 

The sulphuretted hydrogen formed is ti.ved, however, liy the. iron 
* Xoc Tech, de ITnd da (!a: ea France, l!)12, p 245 
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oxide, and hence the process, condtioted in the above manner, must 
necessarily be discontinuous. On the other haiul. it is known, for 
example, that in the catalytic Iwdrogen j)roce.s.s employing water gas 
and steam at otK)"’ with iron oxide as basic catalytic material, all sulphur 
compounds are converted to hydrogen sulphide in the course of the 
reaction and pass on as sucli with the other products. It does n<»t seem 
unlikely, therefore, tliat such a catalytic jirocess for sulphide, removal 
could be operated continuously if the right eondilions were obtained. 
The reaction would poss<‘Ss a point of advantage over the proce.sses 
previously e(nisiderc(l, since carbon dioxide, and not carbon, is the 
product of conver.sion. The eatalytic. mass, tlierefore, would nunain 
unallere<l and the process of aeration reqm.site in the Hall ami Papst 
and in the Kvans-Carpent<*r jirocesses would be unnece.ssary. lu- 
terc''ting t(‘chmcal developments of the process of M. Guillet may 
therefore be exp<’ct<“<l. 

'rin: 1\KM KNCK OK ('.\T\LVSTS IN SrUKAl’K t'oMUL'STlON 

During recent \«‘ars a <’onsi(lerab!e a<l\am“e has lieen made in tin* 
teeliiiieal a])pIie:ition of the latalytu' process of surface combustion by 
Schnabel in (lennaiiy. but nmre especially l>y llom* and his co-work«TS 
in England ‘ 

In tile ]ireee(iing jiages we liave alremly di.sciissed the catalytic 
activity of certain siiljstariees. notaldy platinum, in )>romoting the 
combinatmn of owgen and hvdrogeii a.s vncII as other comlnisfiblc 
ga.seous mixtures, and have noted tliat under ‘suitable conditions the 
catalytic material can attain <pnti* high temjMTatiires. Thus El'Mchcr^ 
appears to have lieen the lirst to study the conditions necessary to 
maintain the catal\st a( a high temperature by the proc-'ss of surface 
comimstion. Tins investigator sho\\(‘d that it was ])ossible by suilabb* 
regulation of the I'omposition of a mixture of coal gas ami air to kei'p 
a ball of iron wire continuouslv at a high temperature without any 
combustion taking place in tlje form of flame, provided iliat the gaseous 
mixture came m direct contact with the hot material. 

Ikmc. in 1902. commenced a systematic investigation on the 
mflucnci" of various catalytic materials .such as ]»latinum, gold, silver, 
copper, and nickel oxides, and magnesia at fairly elevated toinperaturcs, 
arai "KM)'. 

He noted that tlicre was a steady iucreas*: in catalytic activity 
with elevation of the tcinjicrature and that tiie disparity between 
different catalytic materials ilimimsheil with ascending temperatures. 

As a logical scrpicncc to tlie.se earlier experiments, tlie conditions 
necessary for maintaining a catalytic material eontinuously and 

‘ /’All. Tram., 1900 (A). ‘290. Her, 1913. 46. , /Vw.. Amrr. /^«^. 1912. 6, rm ; 

R.l. Lftctwre, Fob 1914. 

^ J. Gas Lighting. 1887,1, 168; hoc Boiu*, loc. cU. 
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unifonnlv At a hiyh tem|irriituri' by ,«urfai’o oouibu.slmfi wcro 

(IcVi'IdlKH] 

HdHf ami M'CourlV tv]n’H nf ii|i|iiiratiis rtiiisihti'il I'ssciitially 

nl a |KiroiiM fire-brick (li;iiilirii<!:iii tliroiii'li wliieli a <:as and .nr imxtnrc 
lit till' r-oireet ratio for eomiib'te I'lunbustioii uas foieetl l>) a hilltalilc 
iiijeeloi nr liloMer Tin* lire-liiK k (li;t|)liratriii ra(ii(ilv .ittaiiiii a brii’lit- 
ri'd beat and eoin|i}et( <' 0 ]iiIiiisti(»ii is ••Ib i ted in n \er\ 1liin iay<‘) of 
the iliaidiiiiHTu to [ inch) Tlie ad\aiila<'i“i of sm li a heater, vi/ 
llie lil^li efllMeiKV III tile [irodiK I loti lit elieitiVe tadiaiil eiMT^V and 
llie ]iosMilii]ii.y o| liviiia the diaphr.ieni in .tiiv |m.^ilioii, are partly 
jiainsaid In' the iiec.-ssity of iismn either air ni ejH under pressure, 
and 1)V till' fact lliat the d!aplir,i!'n''s are slowh but euntiniioiisly 
bloi'ked up iiy dust ,inil lar to;; in the air or lms 

As a fonseipieiiee lie- surlace i onilaisl kui lieatei is as inodilied l>v 
Mibslitiiliii'’ a bed of refraelori p'lanitlar iiiatenal fni a diapliriij’in 
and fnreiiie throiipdi it a suitable mixture ni air ,ind y:.is or \aponsed 
fuel Main' appheal ions of t Ills method Inn i pn en ext lemelv sm (essful 
results III prai'fiii' Thus the pranulai tinilerial inas be |).ieki'(| round 
milliles, el IK ibh'S oi ret oils o| t lie llue I tibes o) sleaili boileis 

The foibnuiip lipiires induatc' tli<‘ remaik.iide elhnenn obtained 
when steam is laiseil li\ ,i paseoiis liiel wli'Ui this s\siein of .surlaee 
I'ombiihtion Is utilised 

(dillsine a tube ;i fn-t lonp and '5 tm lies le ml.rnai diameter 
jiaiked with eiaiuilar I'tiailou malinal .is a he.ilinu mill, maiiv 
MHI Ihs ot water i on hi be e\ a|ioialed pm houi (ill lo ‘ii lbs per sqiiaie 
lool ol jii'iitme siirf.H e) wil Ii 111(1 eiihii leet of i o.il aas and Vil) ( ubic 
leet ot air. re[iresentiiie an pei inil iMnsiiiissimi (to the watei) of 
the net heal dexelopeil in the eoinbiistloii (Kip ti| Thn unit (iim- 
p.ared e.xliemele faxoui.iblv with the 'ill p-rieiil obt,lined with lil.ist- 
fiirnaie pas and the u.')-"!' pei cent nlitamed with (oke-oveii pas when 
the usual pas (lime s\s(ems aie empioved [| was noted that the 
etllueiil p.is tem[ieiature was iitih 20(' ,and in Liter expiTiineiits even 
this sm.ill ainoiint of heat oripinalh lost w.n iitiliseii (o he.it up the 
boiler leed-walcr I'nen bettei results were ()l)lamed willi a 
lioilei eiedi'd at llie Skimiiiiprove Iron W'oiks This bode), titled with 
1 lb heatinp iiiiils of the ,ibo\e-nientioiied sum w-,is capable ol ex.ipoiat- 
inp 5bt'" Ills of watiT [ler Inmi witli ,in aieraoe lipiire of 11 t lbs |i{'r 
t»|iiare foot of lieutiiip siirfaee jut boiir, and iiii a ten-hmn run p.ne 
tile reliiarkiililv hiph tipure of bi 7 per cent ellieieiux Tlie idlleieney 
of tins boilei may bi- jiidped by the follow iiip tipiio's 

bi 7 per cent 
;iti 

i d 

101)0 


Heat utilised 

Heat lost III hiirnt pases 

Heat lost hy rudi.ition 
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Strain 0 (juival<‘n( of ]Kiw<‘r consuiiioi! bv fan for driviiif' tin' gasi's, 
2*7 j»iT crnt. Not overall rlVK'U'rK'v, 9(l'lt jior (viit. 

Mor«‘ roc(‘nt irnprovomonts in tin* " Ikniocourt " hoiitTs im linli' a 
n"id systoui of rofraclory Mirfaoi'.s insfj'jnl of a packing of granular 
inatorial for dealing wiih gases liable to contain dust or tar fog. and an 
increase in tlie size of the heating unit. E.\pcrinu'nlal Inals' have 
shown that healing unils n)» to ti inches in <liameter and from I'l to 



3ft. unit hnatei for /joz/cr. s/foi/'/a</ rvuiHii (ttmn 
m ibn ju't fool 


Vu. l:> 

fe<'t h mg can be const rmied w iliionl ulfecling t lu' high rale of evaporation 
j)er stjnare bfot of healing surface. 

'I'hk Jncandkscknt Manti.i; 

The historical development of tbe incandescent gas mantle may be 
said to have commenced with the inve.stigatnms of Drummond on the 
production of incandescent surfaces on certain refractories such as 
magnesia, lime, alumina, and zinc oxide hy means of the oxy-hydrogen 

' lioin-, Ciytl iiu4 ih Sri< iihjic I (lAUigiuajiH, 1918). 
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flame, whilst Berzelius first pointed out the uses of tlioria and zircoiiia 
as light-emiltmg refractories From to 1H80 several inwoilors 
were exercmiiig tlimr mgcmiity in the production of light. !rom the 
Bunsen burner llaine, amongst whom may be inoiilioned t'ruickshank 
111 1839, Tcssie <lu Jlotay in 1887, and Edison in 1878 It was not, 
however, until tin- perioil 1881 83 that Williams, in New Jersey, and 
Auer von Welebach. m Vienna, practically simultaneously developed 
what IS essentially the gas mantle of to-day 

The earlier mantles wore made of I'otlou and possessed grave 
defects, such as shrinkage with use, resulting m crumbling , a twist in 
the fibre, introduced in t.lie spinning, making tlie mantle siiscc|itit)lc to 
sliock, and, finally, a cimtiniioiis diiniuiitioii m light emissuny 

Pieseiit-day mantles are generally made oi artilici.d silk or grass 
clotli (ramie libre) sjnm into tlireads 

It may be noted in passing that alt varieties ol artiln lai silk appear 
suitable for the manufactnie of mantle mateiul, including the silk 
from Sw'ium and Chauloniiet's collodion jirmess, tlie iiiori* nsent Cross 
and Bevan viscose and aeetat<‘ iimthods, and S(hwmtzer's cupro- 
ainmonuim solvent 

Auer von Welsbacli conniieneed Ins tesisirclies on the fractional 
crystallisation of the raier elmneiits in I8HU, ami during tliat year 
lie noted tliat ((ittuii threads could he iiu[)regnatpd so as lo leave a 
coherent oxide asli as a skc'ieton The colour ol (lie itime produeed on 
heating this skeleton in a Bunsen Ininiet varu'il fiom vellow to green 
In 1883 tlie earliest mantles were inlroduceil iti wlmli the oxidi's of 
zirconium and Iiinthaiium were diieliy used, alllioiigh the addition of 
smaller quantities of other oxides was siiuiiltaneouslv -iiggcsted 

In 188C tlie use of tliona was [latentedd and the idea ol sdeiigtheii- 
ing tiie finished mantle for transport, liy immemion m cotludioii was 
also claimed 

None of these metluuls, however, [iroveil satisfadoiv as far as life 
and light emissivily were cunccriied, these being the two must iiuporlant 
factors for toclmical success From 188() to |8'.H Wehhadi and his 
assistant Harbinger conLimied unsuccessfully their (Xpeiimeiits upon 
the mantle, until an accidental ohservation that sin,ill fjuantitie-, of 
cena were always jircsent in some specimens of thona which |)osse^scd 
a Humewliiit higher eiinssivity than otliers h'd to tlic inlrodmtion of 
tiic ])resent-duy Weisbaok mantle 

'I'hc extraordinary effect that small <juantities of cena may exert on 
the emisaivit.y of thona is indicated in the uccompan) mg curve (Fig 13) 
It will be noted that the maximum emiasivity is obtaimsi when a '.I'J-l 
per cent thona -0 9 per rent cena mixture is utilised 

Various theories have heeii put forward to explain the plieiiomenal 
’ I)Kl> 41945 

* Ki)r a technical <li-flcnpliri!\ iif tho iii*niilm‘ture of pin niuntkii, -I'c’ It lloliin, Dit 
FahrikiUwn der Oluhlarptr/ur OaiglMickl 
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increase in li^ht emissivity in presence of coria. hut no satisfuctory 
conclusion as to actual mechanism of lijzht produclion has as yet been 
arrived at. 

Wcstpbal's theory that during ilu- period of optimum cmi.ssivity 
the gradual combination of an acid oxide, c.//. thoria, with a basic one 
such as ceria is taking place mav he dismisj.cd as untenable. Bunte'.s 
view IS .supported by a e<Ttain umoiint of experimental evidence. He 
regards the. thoria as a lieat-insulating surface and holds that the eeria 
catalytically hastens the ((imimstion of the gas-air mixture ; by tins 
means the surface of the tlioria is healed uj) to liu* temperatnrr of the 
flame, viz. 1701)' to JH70 . ami rathaOvs at llii.s teniporature. Itnben.s ' 
has shown tliat a black liody railiatioii toniperattin' of al hast HiOO^ 



% C'eOj 

Kii:. i;t. 

would in* nec<‘.ssarv to prodnei* a .'>;iniilar vj.sihh* etuis,sivity. jt is, 
however, not clear wliy onh 0*1I to 1 per eeni of eena exerts tlie 
•maximum catalytic atlivity he (,'liat<*lier was of flic ojunion that 
thoria-eeria mixtures do not ladiate as “ Bhu'k hodv " radialors. hut 
exert- .selective emissivity in the region of the visible rays. Bunte, 
however, has shown tliat the emis.sivilies of cena. and thona and the 
Welshach mantle material wlien lieatetl in a mullle to the .same 
temperatures were not sensibly dilferent 

^Vyrouboff and V. B. Lewis attributed the increased luminosity to 
the alternate oxidation and naiudion of the eeria 

the presence of 1 per cent of eeria in the mixture being sunieicnt to 
ansurc that combustion jirnceeds at its niaxinmin vcloeity 
> Am rkyufk. HKHi. 20. .'543 
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An miportaiit obsvrviitioii was niado 1)\’ Mi'y<T and Atisclujtz,’ who 
TioU'd tliat ('i'02 forms a solid sohitiim in tlioii.i up to 7 ptT nmt and 
that a small (|uaiitity of Collj was also piesmil in a used niaiilic mixture 
It IS an luterestinf; spei nlalion as to wlictlier tin' inaxiimim dissmiatiun 
of the riTium oxuh' in tlie tlioria occurs in ddutioiis 11 to 1 per cent 
The loss of liolit ennssiMfy witli continued use i,s attiihulcd liv 
Wliit(‘ and Muller to the jjradiial volalilivaiion ol Ijie lalalvlu' eeriiim 

oxid(‘ I'ruiio.' on tlx' otlum hand, (onsidered that (In.. oxide 

beiariie converti d inlo ati iin'rl. allotropn nindifie.itH'ii from whn h the 
lutive o\ide (Oiild be lejieiimatc.l l)y ^hmly eodlirit; lln- mantle 

I he iiiveslieaiioiis of Sv\,iii ' on the (afal\li( (dleet ol tlmria-eeria 
mix III res on I lie eomhu'fioii of elect r<]i_) tic eas mixtures make it .ijipear 
liiolilv’ pr(<bable (.see p (o;)) ihm, th e eeri.i is m |,ie( an oxv^n'ti-eariyiiig 
promoter to tlm e.itafytie (lioiia 

As I'atalylie oxygen larruTs (liioimiim, vanadium, mangaiiese, 
iron, lohalt, am! I'veji silver oxidts have (H■e|| sueoe>fed Wiili the 
exeeplioii of lire llnis' lirsl-mimed, these oxides ,ire nmeh too volatile 
for pi.K heat use, mde.ss relaiin'd i>ii tim iimiille m tie' loriu ol silicates, 
ill wimli ease tlieir (.ilalvtie pioperties an* (oiisideiablv imp.uied A 
eoiii[iosition of altiimiiii and K-IH ji.uts o) eliriJimiim oxide w.is hugely 
u.sed in the prepaiatiun of ‘ Smdiglil ' mantles With a ihoiia base, 
the followiiig (ni.iiitities of (at<tl_vln maienal aie s.inl to givi- loiigldy 
the s.ime eimssivily 

CeO^, t)'i-l It. Vdlv'tl, MiiO,, t.'). Cd^tio-, |„iu'iit 
Other bases, iii addition to thoiia and alumina, liave l,ri n suggested 
from tiiin* to lime, .sii< fi as zirioma, magmsia. and Lintii,ina-( li,i!k 
mixtures Magnesi.L lias lieeii slmwii to lii- i.itliei volatih'. wliilst- 
(liallc sutlers limn tin' dmadviinlages of liemg re.ulih ait.ii ked by vv.itei 
and eurbuii dioxide lui'senl in the air when the mantle is not in ime 
Small <|ti<in1 ittes o| ilir oxides of herxllinm and aluimniiim aie 
frequently .idiied ,is hardeners in onier to ineieaM' llie resistant povveis 
of tile m.inlle 


Tiik I’liM-AUAi'Kix Ol' h'oiixnLmniMm 

The e.uliest developmi'ol of the lormahh'livde indu'-try was doselv 
associated with its iilihsatioii as a volatile disinfectant lor rooms fm 
this [nirpose so-called forniahleliyde lamps were introdiind, m wlmli 
methyl alcohol was caused to bum in speeiallv emistrin ted hiirijers 
A small fraction of the metliyl ah-oiiol w.m in llim w.iv emuerted into 
formaldehyde, imt. liy tar tlio gieater [mrtion was oxidised to carbon 
dioxide and steam, according to tlie eijuatimis 

2('H3 t)llH (>,.-ill Cll0 4 2il>(), 
2('ll,.011+3(h-2ai,t 4 II 2 U 

' Ikr. I'.HIT 40,2()i'l - .1 t!,i-LK/liliu-i, I'hh 83, 'im 

' / Uikachl. Iftll'i, 5, Jri * J Chem Xor, I'JiC, 125, 7S0 
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Modorn room disinfootion liy means of forinaldoliyde is usually aceoin- 
plisbfd by the volatiiisaiion of paraform (It .(’HOIj (Seherinj's formalin) 
in small lamps, or by ebenbeal (ixidation of methyl alcohol, by tin* 
use of permanganate^ or barium peroxide (bleaching powder has also 
been sujiiresteil, Kiseiien^nin s .Vutaii nietlioii). 

The earlier alcohol combustion lam}»s devised i>v Tollens, llartel, 
Robinson. Triliat. Rroehe, Diendonm'. and others are no longer in use, 
As new industrial uses for formaldelivde wt-re found, notaiilv in 
the hardening of gelatins, j'reser'.adon of food. diMiifeetion of hides 
in certain b'atli*T-tanmng proeiwses. as well a.- in tlie n'eent «h‘V<-lopment 
of syntli<‘tic taiiums. pheno] fitrinaldidivcl*' coudi'iisation products for 
eh'clrical insulator and other purposes {haekehle). ami the tine organn 
chemieal !mln>trv. the most Miitahle method of pioduetnui on a teehniial 
scal‘‘ bi’eame a matter of importanee 

At the pri'seiit time it mav lie stated that the onlv ti'elinieal pro- 
C<-sse.s for the |>rep;Uation of foriiiaidehvde are llio.se ba.seil on the 
fractional eomhiistion of methvi aieolnd . hnt. as will be suliseijiienlly 
shown, tln'se melho(ts will jiitdiaiih’ be replaced b\ mole eeonomieal 
I'ataivtii' proeesst's whadi are still in the expeiimental state 

The earliest experimental work on the fraelional combustion of 
methyl aleoliol to formaldehyde dales from the time of llofmami,- \hIio 
obtainn! a siiiall eon\ersion by the pas^age of an an alcohol inixliire 
througii a red-hot plalinum tiihe (lai ’i'i, as vseil as Tollens ami 
Litew.-* etleeled certain imKiitn atioiis h\ •.iibsfituling a gla.ss lube 
jiacked with platimim or luetalhe e<ipp<i toil as ealalytie nialertal , 
tlU'V laid stress on liie intlm’liee of the p|e,«‘liee of moisture III t h(‘ 
original alcohol, tiie vaiialuiity of vield uitii altenilion in tlu'oxygen 
alcohol ratio, and changes m the temperature ot the catalyst Trillat,'* 
in ISSU. first proposed .i large-scale |iiodm'1ioii plant iti w liieli crude 
melliyl alcohol wa.s ei.a[)oialei!, mixed willi air, and ]>a.ssed ihrough 
tin* catalv.st cliamber eoiilaimng platinum asbe.sfos niaiiilained at a 
dull rnl heat Other eatalytie imiterials. such a.s copper oxide or even 
firc'hrii’k, were suggested. \s a lesiilr. of a senes of I'Xperiiiieiits. Tnllai 
was able to oxidi.se methvi alenhol uitii air i)v me.ms of an eleetrnally 
heateil platinum gau/-e at . witfi elevation of tin* leiiiperalnre. 
decomposition jiroceed'. fuitlier. as shown bv tin* increase in 1-he carbon 
monoxide ami dioxide eouteiii The optiiniim steam content for (in* 
methvl-alcohol vapour was found to he in tin- neigliboiirliood <i! 2t> per 
cent. 

With oxidised copper gauze at .T’o'. Trillal olitained a IH-.') per cent 
yiehl with an air-alcohol ratio of litres to O-Im gnu In modern 
practice much higher temperatures are usually attained, c.j/. 
■ 150 ^^- 550 ’. 

' K\ans and Hnssftl : miuS' CrorMT. * H<r., 1S7S, 11, n»8.». 

3 IM . IKSl. 14. iUil. IHSJ. 15. 20, m , <f •/ pr I'hiii . IHWi Oi ). 33. 321 

* Oxid<Ui</n ‘hi (iJct/holf, I'.Mi}. 
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LatiT, Sabatier and Mailhe ’ directed <attcntion to Berthelot’s 
exfierunents. Jii h'JijcI) be .sbowed ffiat tbe tJieniiaJ decomposition of 
prijuary alcoliols m the absence of air was r-ilectioi bv Iwo siimiltaiieous 
reactions 

(rt) A dehydration, r 1/ OK (’H^If.D, 

(M A (ieliydrogenatinn,f;^H5 OK^^^f’Hj ClfO I II3. 

and proceeded to invcstijiate the elfect of various catalytic materials 
on these deeoni[)ositions and showed that eofiper )i 1 a temperature of 
200 "‘-.‘ 10 ()'’ was ,111 elfeetivft deliyilto«ctmtion ealahsl 

With fleshly rediK ed eop[)(‘r ovide, the rediii tioii pioeceds according 
to the etpiation 

Oils Clio r It,,. 

and till' readion is a reversible one 11 hUjiereent coiiver'ion i-- obtained 
with u 5 jier cent loss of decoinjiosition prodiiets and 4 ’) ]kt emit un¬ 
changed nietbyl alcidiol, wlncli can be fraetioiuited oil and ri'tiirued to 
the alcohol stoiuge reservoii 

Cnfortiinately, 111 the ease of inetliyl aleohol. copper ajipears rapidly 
to lose it.s activity, eitlicr owing to the gradual redmlion of miduinged 
cuprous o\i(l(' in solid .sidution in the nielal, wlinh may lie tlie real 
cllective catalytic agent, or for soim* other cause as yet imLnown 
Consoiiuentlv, exp--Timenleis have h.id rcioin-c i<i Oimatioii of the 
temperature to enliame tlie dnnini.shmg aiticilv At d<K)’ the second 
stage of the tlieriiiul deioiupositinn into carbon moiio\idc and hydrogen 
IS (juite maikeil, whilst at driO' it is piaelic.illv (.oniphui' in presence of 
inetullic cop|)er at low space veluiities 

K CKO---(!() Ml,, 
and OH, Oll-COi'il’l, 

Tim second reaction is leversililc and has bei-n nuiie use of for the 
synthesis of melliyi alcohol from water gas [see pp 2’)7, Joi^) Saliatmr 
and Senderens “ invi'stigated llm catalyiic actuiTy of other nmtals and 
oxide.s on the deliydrogimation of methyl aleidiol with the fullowmg 
resnlls 
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* S(s' Jsi ('dldl./H' eii fhmu orgnniijuf awl .Inn Vhm I'Av*. i'JlO, 20 34t 
* -ln« ('hm I'JOS, 8, HtJ 
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Tljt* following catalytk- uxidos suitabh* for (leliyilrogjoialioii of 
metliv) ak'olio] in onlor of incroufiing activity an' cited i)y Sabatier. 
The optimum Icmpcruture for dchydrog<‘na(iou appears n* be : 

(JIO. SiO,. TiO,, ZnO, 'MK. MnO. AU),. 

The use of bauxite for this purjiose might possess certain 
advantages. 

It was therefore evident that the usual jinxess oi fractional com¬ 
bustion of m«*thyl alcoliol was aclually ba^e(i on the prtmarv eatalvtic 
dehydrogenation of tiie alcohol into aldehyde ami livdrogen. whilst the 
addition ol (»\ygen might be regardi-d as necesMuv to maintain tin* 
femp(‘rature of the reai-tioii (2S cals iM'imr absorbed per grm. mol. 
in the dehydrogenation proee.''s), to lower tlie jtaitial pressiiie of the 
hydrogen, and possibly to revivify the copper catalytic material by 
continuous alternate oxidation and rednetion. K. 1. OrlolT^ con¬ 
firmed nearly all Sabatier’s experiments, showing that the following 
catalysts were elective in the dehvilrogenation pioeess. Copper 
preei[»i1ated on asbestos, < erinm snljdiale, and tinnium o.\idi‘, platinum 
black, metallic platinum, coke eont.uning precipitated copjier, vanadium 
oxide on asbestos. rnsatisfai‘t«iry r<‘siilts were obtained with iron, 
practically roinpletc decomposition to oxides of (-.(rlHm and ianiji-bhiclv 
occurring. 

In Ins later communications Orloll a<l\i>es the addition of air and 
recommciid.s copper ganzi' jireeeded by jilatuii''ed [inniiee or plaiimsefl 
asbestos, and slates tlial the bi'sl, conveisioii is ellceled when tin* 
reaction proceeds witlioiit tlic appliealioii ol <'\teinal energy and that 
the following relationships are obtaiinsl : 

luitU) . 

(C:McOlI .0 1:1 

.Alcdliol; Total me . -0312:1 

< 'oiii-cntrali'Hi of ow uen < .hh < nt i.O itm oi :i|< nlinl a .oh mi 

- / , X i 0(«Mo;i 

S<ju!ue of iiK-.oi v--i.j(il\ o(g’i-.llo\\ 

(xe lilane and K I'lasi like - Mrnihulv eomlncled a series ol experi¬ 
ments on fractional coinbiistiot; of methyl alcohol, using silver win' 
gauze and I'lectrolytuidly stiu-red copper gauze as ea1alv.''is ; they 
also arrived at the camclusion that the jinx-css is virtually one of 
dchyilrogenatiou and that tlie fnnetion of the oxygen was merely to 
revivify the catahiir material, for whicli ])urj)osc freshly reduced copper 
was most smtalile. Their mo.st favourable yields were oH per cent with 
silver and oml per cent with cojiper, under (lie following experimental 
conditions: 


> .7. Hus.^. Ph/'.. Phm Sf< . hHl7, 39. 8."». lo.M, HU . liKlH. 40. 790. 
* Zeilufh. KkktrHchini, llUl, 17, l.il 
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l,i'iii[lli ,>( Silver Oaiiz,' 
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Vvloiily ef .\ir III 

Sllirnl ID , Ml 

UDii Alieliiil 

( .iIuIvdI 
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2 tili'i* 
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• lUiHm'iiUnua SH-ui,' AdiKitv Kfcrri'd tu Uio jun-I JVHKi (litres cl ait [ht litre cf (.ilal\st 
s(iaie (nr hour) 

Till' (■(fliicnf gats ciKitaiiicil the lollowiiit' j)io]>(irti(ins uf CO, 
iiiitl 1C rt‘s)H'(tivt'ly 1 Hi. 4-in, and 11 1'.) |>fi ra-iit 

The h^iiToa tli(‘ (»|)tniiunt yi'dii nliiamcd afici altcialiou 

uf all till' iiido|K‘iul('iit. \jiiial)lrH (me at a liiiio 

Kiikiii ^ (niitiiiiK'd Oilidl and Li- I'lanr''. icscan lich and ol>laitii'd 
till' fnllowin^ ordiTs of ailiMtv for llic coiuerHion in tlic |tassaj;i' of 
iilcjoliol-air mixtures over diilereni metals 

Ni 1 i)H [N 1 (( lit 1 Cn 

At 1 .•) ., , \n 

Mil 2(ll ,, ' An 

Cl) JM , Cm \t! allot 

I't ,, 

It Will he noted th.it silver is exiretnci) etleelive 

Botiliartl " sii;ieests llie Use of silvei |iieei|)il.ited on tla\ as sn]i|inrr 
material, whilst 0 Blank * suiree^ls siKer on ashestos 

lloi listettej * has atteni|ited to jirodiioe a cat.ilytK lualenal whieh 
slioiild ai'ieh'iate ImOi re.irtioiis \i/, the dejiv Iiolii iiatinii |iio(ess, 
CII, OH H Clio ( 1C as well as the fiailion.d eoinlnislion, 
2C1C HllfO.^ II Clio ! ICO 'I'lius, lie stales tlial he has ob¬ 
tained the lollowinj: re.Hidls by iisinjr metal (i>ii|)l<'s instead o| the jaire 
inelals 

I’ll out t Kill 

I'lne ('ll Tti 

('ll alt,veil AMtIi l/in.niHI I'l 72 

Cu <eiil<il uith l/!0(Mio I’l 77 

Ay 7', 

Afl tilth 11 ('ll lllhe Nt 

Ay I (late,I ttidil ''lO.OIItl ilualiilin l)t> 

■ Ay , .1 m.lHiO I’t !H, 

Other su;;eesl('<l inetho,ls o( preiiaratioii ol t',rmaldeh\de lia'^e been 
llie subject ot jmtent llteiatiue 

Both the Ikdisehe '■ and Dreyfus ® patents siijinesf passing a mixture 
of carbon monoxide and hydroj'on in the ratio of 1 I at Idtiatmo'pheres 
pri'ssiire over catalytic materials (such as J’r, Cu Fe, Cr Ni, (V, i’r, 
V, or their oxides) at fJOtC-dlK.'" (See Inither, pp 2r)7, ) 

Brc'dic^ l.,osanitS( li, and .lovitsclntsch" obtained simill (juantities 
of foniialdohYde from these eases when subjected to the silent electric 

' Kih’ J’Av' t'/irm ,S.»- I'U.t, 46. asc, - i- 1' IIJ'sU.lHlO 

1 S'X <%m /nit, 1'UI.30, l'» * I'l' 4h4 l'U4 

■’ li I’ 2i)4si> mn '' B 1 ' loss", mr. 

■ tV,v /’A<r> X'rn-. IH71.12. 171 ' Her. 18''7, 30. 11.'> 
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(lischar^li*. Chapman am! Holt ^ liy iho hiiili-t^'iisinn ('loctrio «liscliarf»t*. 
whilst (If Jalm proved tlu^ jtri'scncc of aldfhvih* when ('() am! lU worn 
pass(Ml ovor sponjiy platinum into wator ^ 

Th(‘ thfrnial (hromjjosition of dinu'thvl (mIht. tin formate,'* and 
caleiuin formate, as well as tin- fractional reduction of formic acid liv 
hvdro^en ((vcr iron or im kcl catalvst.s at .‘l()t)' to 5(KV ,* are all suj;p‘st(‘d 
methods fur the }tr(‘]>aration <d lonnaldehyde. 

hhpially int(Testine and worth attention are the various suj^t^estiims 
for the fractional comhu>tion of imMham' inj<» methyl ahadiol or 
f(»rn!aldeh\de. 

Clock."’ in suee*’'^C-d the pasNiye of a mivtiiri' (tf im'thanc and 
air over firanulated coj)|)er or pumice maintained at SiKl'. the process, 
l)em{' circulatorv. removing tin' formaldchvde aft<‘r each evde hv a 
system of seruhhers Lance and Klsworl hy *’ siieocst the use of hvdroeen 
peroxide or piTsulphurie acid as an oxidant m the presmice ol ferrous 
sulphate, jtresumahly as a catalytic, mateiial The Sauerstolf n 
StickstolT Ind ’ and \. riiruh^ claim tin* use (d tan hark as catalyst, 
statinit that (t\idation of methane hv air will lake place at 'to .’ai m 
the presence ol sill h material It is more than prohahle that tin* 
aldehvde was itself derixed frmu the l.m l>ark under the eonditions of 
oper’ation Lentekes'* deserilies .i special comlmstion furnace for lli<“ 
tr.ietional oxidalmn of methane, whilst Otto *'* suiruests the use of ozone 
as an oxidant l.aev *' desenhes 1 he direct ehernieal eonN'iTMon pToee.ss, 
('ll, > Cli ,('l f H.i (f H. hilsl La nee and Klsworl hy claim I lie 

production of niellivlamnie hv livilri ^n-nation oj hvdioevarue aeni over 
a metal eatalvsl uit li .sii)>serjuent decomposition of the amine wit h si earn 
in t he presence of a c atalyst 

CH. 11,0 V ClI, on • Nl!,i 


Hone and Wheeler showed that a 'jtt pei cent yield r-ould he ohtaimal 
h^■ tlie llameh'ss eomhnstion of metham* on horosi!n‘ate iilass heads, 
The fractmnal oxidation of other alcohols ran lie .-n eomplished in 
like manner Thus, elyeeruie m the pre.seme air will ^ive small 
(Jliantities of ejyeerine aldelivde iii the preseiire of pl.ilimim hlaek, 
(“thxl alcohol and air pa.ssed over [ilalimsetl pnniiee at a dull re<j heat 
Yields Li'S per cent of acetal^lelivde lUieciiol m a similar manner Yields 
2-'.t per cent of vanillin it will, however, he iifUed that the yield of 
aldehvde is invariahly small when the ])roeess of frae.lion.d eomhnstion 
is adopted, whilst the eatalvtie (leliydrojicnation processes, on tin* 
other hand, usually jiive ^mod yields with very small lo.s.ses. 

The partial oxidation of hydrocarbons. In view of tlu^ teihnical 
importance of the conversion of the liydrocarhon.s, both aromatic and 


‘ I hm. S-M-., I'Ml.*). 87, !»n. 
* IU(lj-'ii<‘Co I'lU. IS.VI3J. 

" B.l'. T’a? iimi 
» t’s.p n»i2 

“ H i*. Kiiai tail. 


^ /(./-. lM.S!r, 22, iwa. 3 HP IsaH'iU 

** l> K P. niTUll. S.1 alM) D.K.P, liSOTIU 
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Jn«. I'him /'A>/a . 1S‘»K ), 13, 77. 
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flliphiitic, into till' more vulimlilc' nxulatioii products, mmif’roii.siitti-mpt.s 
liavc been miHlc to sucli [lartial oxidation witli air a-t oxnlismg 
agent in (he presence <>f various calalytic agents 

These inetlioils naturally divide themselves mio those in which 
li<|iiid [iliase and tliosi> in which \a]>oiir phase oxidation is made use of 
AUliougli 111 <'a 1 :d\li( hydrogen,ilion both liijiiid and \apuur phase 
catalytic reduction have provi’d siiciessfui, m eatalytn oxid.ilioii only 
the latter has heeii developed to the tei limi al stage 

III tlie ease Ilf liydroiarhons ol the aroinaln series. t\’edge^ claimed 
the lii|mil pliase oxidation of iieii/elie to [dieiiol, lltilMllg |ilatliuiin 
lilack asial.dylie agent, wlnlst WillstaKer and .Soiuieiifeld - describe 
the use of platmiini a lataUsf in the friutiiin.il oxid.ition of ev<'lo- 
hexaiiol to adi|m ,ii id More .iltenliuu lias lieeti pan! to lln- ln|iiid 
pliase fraitiona! oxidation of llie long iliaiii alipli.itie Indiia.iriions 
with a view to llie proiliielion ol syiUlietii' fats (Iniii * and Kisiher 
and Sdim-idei' have noted lliat oxidation prou'cils slowh at (he 
melting jinllil of llie V\,IX. tile iciuiioii \eloutv iiure.ising Wllli rise ill 
teinperatiiie \n upper limit o| (imi IVi'C h set to (lieiempi'ratiirc 
so as to mold as f.ii as possdile the degiadalion of the long eliam 
.ildehides ,ileolio|s, imd ai ids produced io fiiithnr oxidation \ *ill 
per lent yield of odd-iiiimberi'd (li.iiii fatU adds mav he ohlauied hv 
low-temperaliire oxidntion of .siicmI inonilis’diii.ilion Tin- reaction 
.ippears to be suiiiewlnit i oiiiplieated '.im e ilie lonn ihon of iiidatnr.ited 
OXV-deri\,l(lVes .ilnats ineliis ami the limine o| llie oxid.itloil (,l|l m 
flirt Im‘ lolloHed l>v the ihierminalloii of ilie iodine \,iliie The re- 
lU'tioii IS shghliy aiito(alal\tie in aetnm -ime ih,' -eeding ot a Iresh 
wax with a partuillv oxnhseil fraelion .lueleMtis tio' ovid.ilioii, at 
lea.s| III the piimarv sl.iges 

Main attempts have hemi made to acieler.ite this ii.w-temperatiire 
oxidation prill ess In the addition of (,italv>t'. not.dih In- alkalis and 
various oxvgeii carriers siiih -is salts of non ami luaiigaiiese The 
nxsidts, hovM-ver appear to be imamrliisn e 

More sueiessful have been the pioi esses of fraitional oxidation of 
volatile livdioearboii.s 111 the vapour ph.ise have alreaiic referred 
to the |)iodnetioii ot loriiialdelivde bv (he p.irtial oxid.itmn of methane 
Sabatier and .Mailhe^ liave shown that ^mall <|llantl(le^ of aldehydes 
and aldiliols iiiii be [irodueed liy the calaivtu lomlnistiou of p.irathmad 
hydroearboiis, wliiisi similar results were obtained bv Orloil '* utilising 
copjier oxide gaiue as ealalvtic agent The first attempt' to oxidise 
aromatic hydrocariains caialylically were made iiv (■o.|uillon,' who 
noted the prodtietion of lioth beiuaidohyde ,uui ben 7 oie and on the 
pas.sage of either ben/.eiieor tolueiio vapour and air over an incandescent 
plalimim wire Walter .showed** tfiat benzoic and and beii/..ildehydo 

' It !• liiiio I'SII - lUr I'U.t 46 J-ISJ ’ IM. foil, 53 as;. 

* lUd . IMii S3, 'i.ij ^ remt. 1906.142, 1 fit 

*’ r A‘io< /Wr/^ <%rm 1007,39 S'.V, lO'.'S , lOOS, 40. U14 

' Comi't rnui, IST.'i, 80, 1080 J.pr them. IS'lJ, 107. Ill, 
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would roadily bo ])r()duoc(l by tho fraotional oxi<Iation of l(>lu«‘tio 
and anthraquinono from aiithrarom*. utilisiii}: vanadium i»ontoxido aa 
catalytic agont ‘ (oko - and chromium oxide^ have been siigijesled 
for sinular purposes. \V«‘iss ami Downs * have investifjated in detail 
the conditions for the fractional oxidation of naphthalene to plifhalic 
anhydride and the formation t>f maleic anhydride fnnn benzene It is 
intorestinp: to note that small ipnuitilies both of phenol (iVd per cent) 
and benzo«|uinone were obtained fnnn )>enzene In tin* pn'sence of 
steam and at hi^h jiressures diphenyl was lik(‘W ise olqained m moderate 
amount. I'ln- most i'tfet‘ti\(‘ ealalyst was found to he \anadium 
pentoxid(* ’ 

The <iiilieultn‘.s sncres'<fiillv overeoiiie i>y Wei-s-^ and Downs are those 
inherent in sueli proie>ses of oxi<lati(m of orp:ann' .subslanees. namely, 
those of tenqjeratun' control. These are apparent from llie followinii 
data on the thermal value', o! ihree typical ealalyfie j;a*ieous oxidation 
pro<‘es.<es : 
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It will be obMTved tliat ]>rovision ha.s to la* made for the tlissipalion 
of heat sixteen times nreafer lii.lM that evoKe<l in the oxidatirjn of 
sulphur dioxub', and that in addition local elevation of temperature 
has to be avoi<ied. us the reactions of fractional oxidation an- not 
reversil>ie as is tin* case in lln* sulphur dn»\jdc-lrioxidc etpulibnum 

Oxidation at charcoal surfaces. In view of the bioloei< al importance 
of low-temperatun* surf.ice coinlmstion many c.xperiment.s have bi'en 
made willi charcoal as a eatalv.st fur the oxiilation of ()rj»jinie materials. 

The results of numerous investleations on the adsorf)tion of oxygen 
bv charcoal, notablv l)y Bakcr.^' Dewar.’ Bhea<l and Wiieelcr” indicati* 
that oxyjicn may lie arlsorhcd on a charcoal surface to form at least 
three types of .surface eouqiounds w’lncli iiiav In* associated with llie 
diamond, parallin, ami ctlienoid portions (»f the surface. One form is 
removable onlv at hi^ib temperatures as oxides of carlxui, another 
removable as oxide.s of carbon by evacuation or by fusion with sodium 
carbonate,® and a third which cam umler certain conditions, fu* recovensl 
as oxvf'cn. This last form is endowed with ealalytic pro|)ertie.s. for 

’ S-.'also 1>.K 1’ ICSll'U/lim : K.l’. , an-1 HI'. L'HMI.l'.Kl.'i 

Wooc, Compt ro»i. mi. 146. 174. * J) p. p. 

* r S.P. nisaai. 2 . an.l 3;n)ltl. ^ J fvj. Kmf f'hcm . 12. 22K 

• J. Cfinn. Xw. 1KH1». 51. 2n». ' <‘'nipt rfi'I. PXIl. 139. 2<l! 

® J. Chrm. Soc., 11)13, 103, 46J, 1210. ® Taylor, ■/. Anu^r (‘hfm. Soc., 11)21, 43. 20ol). 
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CH. 


not only ornir l)ui iiiati\ |)rofc>s«‘3 

of oxnliition lire cutaivtif all\ ai'« I'lcratod Cal\('rl ' imlcd tlir o\[(la- 
tioii of I'tlivl-aii (i|i(]| \,i|Hiui and aa^coiis iivdrocarliotis, a rc'sult ton- 
firrtii’d In' l''irl!i “ I'ci^ri ■' iir»|c<I dn' ratahtK (mdalioii "f Mtiutioris 
of Hul|diidcH, (lirnriialf's and mdidcs W’arljiirj; <ind Ihh < (j-worLi'ns have 
oxanimcd flic r alalvfii oxidation of oxaln and (iTtaiii a .iinttio ,ii idh , ^ 
Meyerhof t lie oxid.lllon of i^hn osr m the |nese|M e of [)||os|)liori( ,u id,"’ 
Fieiiiir||i( li and Bjerke’’ the ovidalion ol |iheiiylllii(i iarliaiiiide, and 
Rideal and Utiehl ^ lli.itol iiialonn .aid 

The aiiloxidation jiroie^s h found lo he of zero order .iiid tinle- 
jienileiit. of llie owoin [iiesMiii' o\ci a i<in^idi'i.ihie Mn;;e at liioli 


|ire.ssiire^. Willi a Ieni|>eia1illi i o.dltrioiit of ^ | S(1 H\ Mieilne 

|>oi'toiiine Uideal .ind \\ riehl found that ailli ,iii ai ii\e Mi;:.ir < lulu oa! 
of inoiin siirhiK area of Jliii ini' |ii i niillie.ini onl\ 'i »•"' ]n‘r letil of 
(he .-niifaee w.i'i .inlo\Hii‘i,ih|e 

The oxid.it jon of ai nK sin li <is ox.dn m id |iio( eeiU oim a nd.itlselv 
Jinn li t'leafei aira liiii-., foi tin iMitu iilai loiin ol i hao oal \i/ 'iie.ir 
(diari oal, llii’ fiai tion ( alaivtkalh ;u li\e in i ll<v duo t|„. oxidation of 
oxalic ai id vva^ found to he t(t fi per i eiil lloih and .ind owocti lire 
iidsorlieil, the readion \elocit\ ll^lno to a niaxiniiini and hilline aeaiii 
an the coin < ntr.itnni of oxain ai id i-. iiu ica^i d The o|a iminn \ i Im it lc’^ 
vveie ohiaiiied at a i oik eiid.ition of (i iNlf’i liiolai oxahe .n id ainl d O'lO 


(nolar malonii .a id. w it h a lcn)|)i'Mtnie ( oi't!ii n nl 

Tin- re,It don \r|o(it\ a^ a luinlion of thi- i 
real I ants w,is lonnd lo h-' ex|iie‘-'-ih!e m i h< lonn 



d llle 


II A'\/'n f'., 
'I (lnn\/‘o 

wlindl ledliee.S lo the '-ini|ilel loiitiH 

A’C,„ \ 


for Miiall oxalic i oineiifiadons, and to 



for Iniih eotu'entralioiis of acid, both heino l•x[)enInent,^ll\ re.ilin-d for 
.1 nuiiiher of Miih -nirfiiie oxidationn 

Sill li chareonls can readily ho adixaled or |iroinnte(l h\ heat, 
treahiieiit with urea .tnd iron or d\e-sditls and iron -alts 

‘ / I'/i.m S .,1 ISliT 20. J'd ■* /VoH hwi.l N..r I'l.’l 20, ITn 

’ /.iiliili (OKir,/ I'Aoij I'l.’l IJ9 tn.'i 

‘ }'lU„i<r - Arrh,,. 1<M4. IM. .■'+7 lU,irh,m AiOxA I'L'I 113 J'.: , liUI 146 11,1 
’■ liuKhnn I'L’t 138 .w " /.Iilvh ' h,m. I'llh. 91 II 

■ J I A«,« .x’r»r lilj.-,, 127, IJ47 
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It is found that this treatment brings about two distinct cimnges in 
the surface ; firstly, a general extension, of wliich a large portion 
possesses ajiproxiniately th(‘ same spt*eifie e.atalytie activity as the 
original cluircoal. In addition a small ponioii. only some 2*0 percent, 
of tlie surface is extriunelv active, ami owing to the sensitivity of these 
])ortioiis to poisoning by potassium cyanide it is probable that tliese 
portions are tlie true promofctl iron charcoal syMems. 

These rea<-tions afford an exeelhnit exainjile of the two effects of 
promotiTs iliseussed in Chapter 111. 


Tiik Ckki’auation Actus 

The further oxidation of tlm alde]iyd(“< int(» the corresponding acids 
liv a calalvtic proiess lias Idmoi siu eessfully ileveloped in the eaM(' of 
aeetal<b‘li\d<‘. as catalyst, manganese acetate, or more rarely the 
form.it<‘. bntvr<ite, lactate, ('r lienzoale. dissolved in acetic aeid i.s 
ernploved in the proportion ot kdos of aldehydi' to 'A kilos, of 
mangane''e aeefale. Aeration is aeeoinplished under pressure, and (he 
aldehyde is eon\erfeil pr.mtu.dlv (piantilatiM'ly into acetic acid. 
Se\eral dillieiilfies wen* as.M)eiated witli the earlier phases of tin* 
process The reaction is strongly exothennie, ami a \er> eflienuit 

cooling svstein ha.> to I.mploycil . ;*t tlic .same time a sull'ieienf. 

depth of lujutd in ensure proper ueralioM must lie mamtaimsi y\jl 
metals sutlimeiifly nduist to slam! tin* jiressiiies emplo\ed an* rapidly 
attacked under the eondiined inliueme of oxygen and acetic aeiil, thus 
entailing a liejiw repair inll I’un* alumiiunni liners an* freipiently 
emploNed The niosl >erions diHienllv is l)ie <l:inger of explosion 
a‘'Soi nited with tin* formation of tin* extn mejy iinsfable jieracelK acid, 
(’ll('(J . 0011, under contmiied aeration in the piesenee of the 
inangam'M' salt ; over-aeration has thus to be carefully avoided. 
Ornnstein and Ih-hreiis havi* shown lliaf other calalytie substaiieeM, 
such a.s the oxides of vanadium, iirantiim. eeniim. and iron. poss<*Hs an 
activity «*ipial to that of tin* manganese salts,' fuit that tlieir use, is 
attended with a greater risk i)f explosion, since these salts are, not 
sp(*iaallv ai'tive in tlie removal ol llie pmacetie arn! bv reduction with 
aldehyde, according to the rMpiaimn 

('Ii.,.('O.OOH , OH., ( HO 2 ('Ht(’ 00H, 
a reaction which is aecderati'd by maiigam*s«‘. In tet hmcal working 
a .’ft) per cent loss occurs, due to further oxidation of the ai-etic acid to 
carbon dioxiile and water. 

Kthvl alcohol can be directly oxidised to acetic and by admixture 
in the vapour state with air and jiassage over platinum black or 
vanadium pcntoxhle. 

The preparation of oxalic acid by the oxidation of sugar and slarchcM 


' Cotiipl. rend., J!K>7, 146, 121. 


P 
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ia Holoiigor acf omiiliahpil bynioan^ of liot nitric .icitl, which entails a very 
coiiHiclcrahlc loss in (be form of catbmiatc, tartaric, iiiiicic, and saccharic 
acids, hilt use is iniidc of the oliscrvalion ^ of Naiiniann, .Mocsct, and 
Liiidciihaum that the addition ofO 2 iicrrcntof vanailu ovule effects the 
conversion almost qiiaiil.itativcly in IlK'cold in from ten to twenty hours. 

Tiih (Isk ok Oaioatiox Pkocbssks is the 

Dyi; IsDisrnv 

Aniline black.- The [in'iiaration of aniliiu' fibuk, one of tiu' most 
miliorliinl. dyes ioi cotlnii yarns was first iJeve|o[)eri hy .lohii Lightfoot, 
of Ac( iiiigloti, III |Ko;i, and is now hiigidy ('ni|)lovi(l m all the dyeing 
nidustries 

'I’lic coiistiliiinm of the dye was jinned In A (i iircen.^ who 
(onfrihiited .1 veiv niiportant iidiiition to I he luunher of catalvtic 
oYidation j>ro( esses of Ir-ehnuai im|ioi(ancc Aniline hbick csseiil lally 
an oxidation prodiui, of aniline , during its course of <i\iil,iliuii, three 
liisliiut stages of ovidation cun he ohserved 

( 1 ) I'lnieialdiiic, winch is liliie in tlie form of the free base ami 

gives green salts 

( 2 ) Nigraniliiie, wliuli is .1 dark liliic base .iiid gives blue salts 

(.'i) llngreenable lilack or aniline filai k 

According to (!i<‘en, oviilatioii piocceds by ,1 seru-s ol <|!iiiionoid 
iidditions Ml llic following ordei 

Nil.lt'Jli Nil, 

' I 

(Curo's ji‘ll,)« iiiiltli) 

I lam 1 naeiimolil .elilaioti 

'i' (iu<l I iiihlllliilisl, 

(;ii,. Nil <vi, Nil v.j\^ N t;ii, Nil 

(Wiihl.iUir H Wne iiiitiK ) 

I OMciniiiii 

t'Jl- N (',11, N N (',,11, Nil 

.W iIM.kMi r's U'i iMiiili'l 

i 

r,,ic, N (;ii, N (',,11, N N [(',,11, Nil], (.yi, nii, 

Kiuorililiiio 

I' OxuUlleii 

N i;Ki n [vju n (yt, n], nii nii, 

i 0, 

Cfliffi N (’ji,, N (;iij N (VI 4 N ^ Nil (;Hj nh, 

Mimiuilliu' 

+ C 5 ll 5 .N»j.Hei 

* I pr llicm ( 11 ), Illy7, 76, llt» 


‘ 111' Kagimi 
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Tilt' ii.‘'Ua] o.vuli^uJU aj't'nt.H oinployod an* ))iohroniatos or aodium 
clilorutp, whilst ('opp'T sulphatp, c(){*p(‘r sulphhio (propariMl by iho 
flou])l»* (liToniposition of copper Huljilmtc and sodium sulidiidc), or 
vanadium chloride an* use<l as catalysts. 

For example, a lo jier cent aniline hydrochloride solution (neutral¬ 
ised with free Imse), with 5 p«‘r cent of sodium chl(>rute. us o.xidising 
aeent. IS mixe<l with o per cent of a hi per cent copper suljdiidc panto 
to form an ellVctivc ilvein^-bath. Tlie <pmntity of vanadium salt 
re<juire<i to ex<Tt tiie .same catalytic activity as Du* copper salts norinully 
em|*lo\ed IS far les.< Sabatier ^ stales that only 1 part in 70,t)t)() parts 
of aniline is re(jiiired ; Witz estimati's the rati(» at I : 27U,(XXh whilst 
the f(*llowin^ is tin* composition of a dyo-bath actually employed. 

Pails by wcij.'lit ; 

per cent aniline hydrochloride, 
l-.h |>iT <-cnt aniline. 

1 per cent sodium chlorate, 
h piT cent vanadium salt solution. 

The .solution of tlic catalytic nmteriai is made as follows: 8 grm.s. 
of ammonium vamulate are dissoKed in 10 grms. of 30 per emit hydro¬ 
chloric acid and 80 cc. of water. Ten grm.s of glycerin are added, 
and the whole is made, up to 2 lit res. The ratio aniline, salt to vanadium 
salt is approximately IT.fitX): I. This tlyeing-hath is, it is stated, not 
so gO('d a.s the i-opper sulphide cataly,«t hath, since it is ratlier too rapid 
in operation, and part of tin* dye is ilcjjosited in the solufion itself or 
loosely adherent to the filire. 

Green.in 1007, made the interesting discovery that bichromate 
and chlorates could be r<*j)laced by air as oxidising agent [>rovidc*d that 
certain promoters were added to the catalytic agents u.sually employed. 
In this way a considerable economy in materials was elTi*eted, and all 
tendering of the fibre occasioning weakening due to the formation of 
the oxycelluloses was avoided. 

As promoters, small quantities of a />-diamine or p-amidojihenol 
were found most effective. The use of amidophenol, p-iilnMiylene- 
diamine and its sulphonic and earboxylic derivatives, dimethyPp- 
phenylenediaraine, p-umidophenylaniline, benzidine, iliamidodiphenyl- 


’ La Caialif'e. 


* li.P. lfiJ89/ll>07. 
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anilitiP. quinotip, innno- ftiid ih-imidps and tlicir r]i!(jndp=>. jMiitrophPiiol, 
nitrodirnctlivlaiDlitit', p-aini(li)|ih('Tiyl<|Uinoiiiniid(' and (licir lioinolonucs 
;uh 1 diTivahvcs, is clainnsl 

The addition of 4 |i(‘r (oiil of (In' [)it)iiii)l<T on tin' Wi'iijlil of anilitic 
taken ih aaid to lie siitlnieiit The ineehanisni of o|K‘ratn)ri lias not 
been fully ex|ilained, but (lie latalyst proliabh li.isteiis tlu' oxidation 
process by tin- intermediate foriiialioii of c'oni[)le\' iinlamines Iron, 
ceriiiin, iiraniimi, and osinir salts e\eit simil.ir catalvtie activity in 
tins ((Xidulioii process, but liave not iec<-i\erl tcclinical ap]i|ic,itlon 
Metbyl-violet and fuchsme. Cupric clilomle and >niall quantities 
of fiheiiol are freipn-ntl) mliied in the oMdation of diinetliylaniline to 
inethyl-violel It is said that with suitalile proportions of catalyst 
and [iromoter (phenol) (he oxidation c.ni l)e i llei fer| with .itmosplu-rii’ 
oxyi/eii in Ill'll of the sodiuin (lilorate iisuallv i ni[)lo\'ed 

III tlieoxidaiion ol aniline and o- and /i-toliiidin(‘ to fui hsine nitto- 
beiizeiii' laii III Used as iixidismi; .if^eiit in the presciiie of a small 
qtianlil.yofa Minadiiiiii salt orsliehiK larecTi|ti,intiti<‘sof lerrn i lilornie 
Indigo. Heiimann s swilhesis of mdiyo, whnii was sm < essfullv 
developed by tin I (ad isi be ('o , was based upon 1 he piiiiiai \ (oii\ ersioii 
of crude naphllialetie into jilithaln m i<l, iiliiisme fiirnnie ^nlpluiiie aeid 
as an o.xidant 

1 I vi'""' 

1 I I i > ('(ion 


It may be noted m passing that the emuili ol Ihi r'oni.iii siilphuric- 
uinl proi'css III (leiiiianv was deteimined hv the demaiKl bo liiniing 
sii!|)Iii!iic iiejil in IIk' [>rodiii lion ol ihis iIm' 

(iroebe' iici idi'iitaliv discovered that (iniiiirv u,!'- .in ellniive 
catfilylu agent in this pnuess of ovirlalion between :.'(«) ,ind dmi" 
Kiirthei investigation. smguUrlv eiiough provi'd th.it menmn 'ulphatn 
WHS otic of the most C'lleelive (oppei siliph.lte, allliioigli eviituig a 
ri'asonabie lalaivlie ailivilv is inb'rior, although a iiiivluie of lojipei 
and mercurie siilphati's is siipi'ii'o to eithi'i coiistiti|i.|ii nvinl siindv ^ 
Nii'kel and iron are slightiv intive whilst the niM> of manganese, 
potassium, and iiiagnesium are in.ietne 

The use of a small globule of meriiiiv or a slrqi of mpptu ni the 
usual Kjeldiilil prvicess ot nitrogen I'simiatioii is ,i -frikiiig a|)|ilic'.itiou 
of these I'afiilvst.s to llie oxidation of nitroeeiiou^ urgami' nialter by 
stioiig siilphuru aciil 

Tile i>atents uf KosentliaP also lilustrati- the ovidismg .letion of 
mereiirv salts Tin' l<* per cent vield of tertiary bases of the aromatic 
gTou|) obtained by oxidation of tertnuv aromatic ammes with sulplmnc 
acid at temperatiirc.s abovi* 'JOO' i.s increased to a fii' per I'ent yield m 
presence of merc'UrV 

' Ihr . I«1N>, 29. .'SOI) •' Hrt(li({ null linmii. I lum . I'fi'l, 4$ 'sij 

’ Uai*. liTI/Oftiid 1^7180. 
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AI'TOXIUXTION A\J> isiXM’i:!) ()\H»AT 10 \ 

The iiivt'sli^atioiis on tin* ilinrt oxnlati^ni hy tiu‘aii> of ovyuaii jirtS 
of a number of organic siibslances lia>. i!niicato<i that tin* ))roees.s cannot 
take place by means of a simple a<i|litioii.« «/ 

1!X ! (4 

where X IS the snbsiance umlereoini; o\i«!ain>n to the sfai*le oxiile XO. 
The classic r«-seurcb<s <jf Si lionbein * imhcafcd cloarlv that, in many 
cas<‘S of (»\i'l.ition. for e\crv molci ule of oxygen consmned a niolecub’ 
of oweeii w.i'^ simultaneoiisiy converted into a more active slati-. this 
active o\y<ren could then sccondardv icact cither with mon' oxv|fen to 
form o/ohe. with \\at«‘r to form hv*lroefn peroxide, or in the presence 
of oiIh'P ovidisalile substances could oxidise tbem, fn'ijiientlv iausinji 
oxidations wliieh cannot be ,ii eoinplislied l>\ otilinarv at mos))ln*ric 
o\\ een For example. Iixdroeen peroxide is btrmed during; t lie rust in;» 
of lead, /me. and [iroliablv iron . o/one is formed during the oxidation 
of pho.-sphonis IndiLto is eon\ cited into isalin during t be autoxidal ion 
of palhohum liydrule, biMi/ablelivde, or turpentine Various oj ibc' 
more important theories wliieli have 1)1^11 advanced to explain fin* 
nn'clianism of these proeesses niav l*e bnellv <-lassilied as follows 

The dualistic theory. Si honiiem - was <ij the opinion that. lhes*‘ 
e.ises of .luloxidation were be>.i interpn led on (' lirodie's hypothesis, 
in uhieh orilinary o\\een dnrinif tlie proei-ss ofoxn!.itioti is split, up 
into two parts. ’ »t/(i)ie ’ ami ‘ anto/one 

. < b or o/,(>lie 

(), 

• 0 . or anto/auie 

K. I luiisius * more defimtcK state<l l hat Hrodie's o/one and anto/one 
<’uuid lie re|/aided as alonne ox\ei-ii i.( «(j)p.,site eleetrie charj/es 

O. -OM)'. 

Van t IIoiT,-' as .i result of Ins experiments on the a(il‘»xi<lation of 
pliosph(»rii'.. introdnci'd the livpotiiesi.s that atmospheric oxv^'en is, 
already prior to any process of oxidation, normally partly diswa-ialed 
into cliarjied atomic oxyi'cn, and that the et|mlibrium 
must be considered as an im[)ortant factor in oxidation plumoinena. 

According to th<‘ above bypotbe.si.s. all [iroresses of aiitoxidatioii 
are dual in character, two Hubslannes simultaneously iiiulergoing 
oxidation. Kiiglcr* lias attcinpt(‘d to distinguisii between the.se )>y 
terming tlio substance underg«niig oxidation the autoxidi.ser, and the 

* J. j/r, t'kfm., IS-'W-ltWW. 73-y5l. * I^>r. ni. * I'hil. 7'f«n^., 141, el gfjf. 

* /Inn.. 103. 644. j>h'/xfkal Chrm . IKW. 16. 411. 

* KrttufCJit bfiuliin uljcr dm Auloj-^fdaliunjiwrgangt, lirauntichu fuj, 1003 , 
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substance sirauhaneously oxidised the acceptor It ih (’Videiit that 
either tlic auti/Xidiser or the aceejilor may react, on the one hand, with 
the ozonw, or, on the other, wirh the antoxonic /onn of the activ'c 
oxygen, depending on tin* r)i(‘/riii'al nature of the sulwtain ok iiiidcrgoiiig 
oxidation , thus water, plios[»hoius, the alkali metals, and the alkalmo- 
earth metals form aiito/onidos mi oxidation, whilst oxone and the 
chromates, perniftnganate.s, hy[ioehlorit('s. and vanadates, as well as 
lead, zinc, nickel, bismuth, silver, and manganese ()xiii<‘S, are ozoimles 

Van ’t Hot! noticed that m tlie casi of piiosidioriis imdorgmng 
utniosplione oxidafimi in tin* inesemo of indigo ading as aocejitor, a 
continiioiis sii|)|)ly of fresh aeeeptor was re'[iiired to maintain the 
velocity of oxidation up to a measurable bpi-ed He ('onseiiiieiitly 
argued that the reaction (), ^^0 ) 0' mii.st lie a ri'versible one, smee 
the acciimiiiation of tlie oxoine lorm of m tive owgeii normally removed 
III till! oxidation of the indigo to isaliii lelardi'il the .ntioii o) the 
antozouic oxygen on the phusiihorus ' 

It must be admitted that a sean h fm the < liargcd o/mm, uiodiln a- 
tion of oxygen whieli slioiild be present m llie air nflei jatssiige over 
])hoaphoru 3 has yielded eonflieting results KIster and (butel- noted 
that air thus treated was elm Iriially coiidiieliiig ami Hoekel ' slmwed 
that tins coiidiictivit} was not due to the ptesenie ot o/oiii' uhieh 
coiibi be absorbed without di‘stroviiig the i ondin iiviiv Barns,''’ 
Harms,'* and Bloch,^ on tin- olhei h.iiul. Iiave sin,an tli.ii the eon- 
ductiviLy IHiinot lie altnbiiled lo the o/oiiie owgen oi iharged nniH 
oxygen, but is due lo oxides of j)lios|ilioriis (ollnied iouikI iharged 
nuclei forming aggregates of relatively inrge dmieiisKins (v |(i ‘'mii), 
whilst the actual nimdier of charged ions (-bservetl fell l.ii sliorf of the 
stoKluoiiietric ratio, oxygen alxsorbed oxvgeti ionised I 1 , |Mistalatecl 
by the bypotliesis 

E lloppe-Seyler'* and Baiiiiiami adopted llo' same livpothesis ns 
Sciionlnun, but siibslifiited tlii! term " nameiit oxygen for S('honbeiir,s 
OZOiildes and unlo/iuiides , according to tliese investigatms, piocesses 
of aiitoxidation mav be repieseiited by tlie general e<|iialioii 
X I (>2 > XO I nasemit owgen 

and such nascent oxygen was to lie legaided as possessing superior 
activity to the substance in the ordiimry molecular stale It is evident 
that the diderencc in view is one of nomenclature rather lli.in of 
principle. 

* Soe .T Joubert, Tkiae sur In I'hwiihi'riarriiff ilii I8tt 'I Hu.tii. I'kil ilng, 

1HIH(>'). 38. r>lZ. J (’hajiimis. Hull sW M.w, IHSI (n ), 35 41') 

' Wiol .4n«, IS'.Mt. 39, OJl, Ph/ninl ZciLv/i. l'hi|,4. I.'it 

’ .Son iilfo SUUoici, X'/icyf il/if . IH.'gi, 8, H.'J , N.umri. ith Mlt .^'uiiydtTi.iino ISSy 
86. iV,’ * Znlaek pAr/.iW < htm HN)3 4, IV 

'' KiptrimiHla uilS loiiuuil Air. Wiisliingleii. ll*Ui 

* ZmIjU p^i/ukal I'hrm , IHO.’, 3. Ill ’ .l/in I’Aim /'A;/", iwvi (mm |. 4, >j 

’ ZeiljeA /lAyjw/ Vhm . 1878, 3, .'i' 
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The intermediate compound theojy.- M. Traulu*.*' (Jisamim’Ui,* 
A. Bach,® C. Kngler and V’. \Vj!d,*ahd ntlu-rs dfwlojicd tin* liypollH'sis 
of the intermediate compound. 

Thus, according to M. Trauln*. tlie ]>roces.s of auto.xidation of the 
metals with tlio simultaneous formation of hydrogen pi'roxide takes 
place through the presence of water as intermediary, as represented hy 
the etpiation 

M + On.,r (»2 -> MO t 1I,0,>- 

Hydrogen peroxide is thus reduced oxvgon, and not oxidised water 
as postulaleil hy Schonbein and his <-(»-workers. The luriotts re<luenig 
actiotis of hvilrogen peroxide, c f/. 

Ag.O ) H,0, - 2Am 11.0 hO,. 

are eited to support this ciaini. 

According to Traulu*. tli*- sion Inometrie ratii» 

MO; H.O^; : 1 : 1 

need not necessarily he ohs<*rved in ]*raetu-<-, as tlie si-condarv reaction 
M^H.O, M((‘H), 

inav take placr. Sueli a r«-uetton is i‘NtnMnelv unlikely, and tin* usual 
discri'panev iielwa-en llie fhroreli<‘a' (pMiitily of pcroxnle and that 
ai'tualK ohtaiiwd must he pul dioMi to thermal decomposition. 

The nei-essilv for the presence of a' leas! small tjuaiilifies (<f water 
vapour in proces.scs ol coridm''tioii ’ has iieeii <ihser\eil h\' many in* 
depemhmt investigators, and its fiinetnm as an nitc>rmediary <aljilysl 
or electrolyte to comjilete llie \oltaie cireiiit need not he diseiissisl at 
this point. The application of tlii.s primiple to explain eerfain cases 
of Hutoxidation and induced oxiihition fonns an iniporlanl exleiisuin 
of (he hypothesis. It will lie iio(e<l Ihat the hirmafion of sulistanei's 
such as ozone, permanganat«‘. and the oxides of tin* lieavy metals, 
i.c Schonheni's ozoniiies. must h<- eonsideiril ns secondary reai'tiona 
taking place between the hyilrogen peroxide and the acceptor. In 
some cases, as. for example, in the tormation of ozone from oxygen 
and hydrogen peroxide, or of silver oxide from hvilrogen peroxide and 
silver, this assumes exceedingly impruhahle reactions. 

A. Bach adopted another jxnnt of view, m whn h an int<Tmediary 
peroxide was first formed, prior to tin* decomjiosilion into an oxide 
and W’ith simultaneous oxidation of the acceptor. Thus, in the oxidation 

‘ Her.. 1882. t5. 663 ; I89:i, 26. M7I. AhfuiT.<Uumjn}, IkTlin, 

3 Compl. rend. l8tlT, 128, 2, 9.11. « !S>r., 1897, 30. 1«««. 

* Sw Mrs. Fulhamr, An A‘«»<iyon Cntnhu9l%on, Iximlen, 1794 . H. li. ()ixi<ii. Hhif Trnn.^., 
1884, 175, 630; J. Chem. SiiC.. I88C, 43, 93, ami H. B Arraxtryng, HrU. Ahioc. J’ruc. 

Roy. Soc., 1886, 40. 287. 
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of ;i motal III (III- pri'Si'ftfc of wafxT, a jin'tallir oMilr and lu'drogoji 
[leTuxulc arc asnumcd (u If foniicd ucfonliin' lo On* fo/lonirif: srJ/cnie 
0 

M hO.- M ' 

\) 

.0 

n]/ H ir.o=M04 i[„o. 

0 

In ihc oxidation of |ilios|iliorus wirh tho Mimiiltaiii'oii'' [iroilnction of 
()/oti(‘ wi‘ may a(!o|)t tin- cquatioii.s of Kii»li'r and Wild.’ or of (Jstwald ^ 
to i‘\[i|am till' ini'i liaiii.irii on Ifaidi'.s iiifiTiin-di.tti' jHTo\u!c tlicorv 

(") 21’lO, I’,0, 

,0 

T/ I 0, - I’.O t 0,. 

■'-(I 

(/-) 21’I 20. - I’d)i0.. 

KiviiiK the Htoicliioini'lrK r.ilio I’ O^ 2 I 11n-ratio ,o 1 olitaiiifd 
liy van't Holl 

Bodlandcr,’ and l’>iU'}oi ami \'illniir.' in rcMMidn's dn tli.‘ oxida¬ 
tion hy air tlio actor, ol l)cn/.ildcli\di' tin- indin loi, uitli uidij'o ,iii 
iiC( (‘|)tor, ojuc add It loiiai mi|i)io[), Io Bacli s t In oi\ lx t lo' mol,it ion of 
an intiTnicdiftrv |i<'io\idc. l)<'n/to\l livdio^cn porovidi' 

(’.(I , ('MO , 0, ('Jl. ('0 O(Oil), 
wliK'li peroxide I oiiM (hen re.u I in l wo dixi nii't \\,i\ s 
(ir) With Uliolhcr lilolciille of heii^ildelui!e. 

I!JL, CO 0(011) I fVIi f'llO 2CJI^ cooil 

(/») With the acceptoi iiidi;:o, 

CO 0(0111 t indieo -'>C,,M-, COOIlit.aiin 

The iiV[)otlieHia of a finniary forination ol an iinitahle peroxide of 
the mdmtor has iieen (iirtln'r strcnetlmiied h; i>ot,ifi(in of -.iidi «alts 
in tin- case of (criiim oxide hv doh.' and in the eu'i' of lerrn and tcrroiix 
iron hy Mam hot,” Coard and Bidea! ' Bohnxon and Koliert-^ini 

It is clear that this hypothesis iiia\ he extended in the iulloamg 
inannei The prmiiiry reattion hetweeii indiietor ami owgeti to form 
an imstiible peroxnle may he represented as follows 

(1) A+0j--^vA0i 

' Her, I8II7, 30. iUOll ‘ XaU/i /lAviW . I'SKt. 34 i.'at 

* .tArfiiji i^'iimr/ilaiuj, (SSy. 3 170 ‘ Hrr. liKKi 33 ,HSij 

‘ a>ni C'Aiw /’A-/., 10IHI(>|| ), 20. i(>', r,,„/ I'tll.' 134 

* /(’il.irA anury ( kim. l!Hll.37 .t'J7 . H'f. IlKlI. 34. i47!l 

' Pm % ^or (-1), 10J4. 106 l.'Hi 

* J Phy.i Chem, iOJl, 25, lU, .4-w/' «’A«7i Sol , lOiS. 46. ‘.“4<i3 
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The peroxhle AO 2 may then reaet with another inoleeule at A. 


{'>) A ^ AO. '^AO 

a view supported l)y Moureu in his extensive reseaivhes on the 
mechanisin of inliihition of these antoxitlalions. 

Alternat(‘ly the peroxide AO. may react witli t)ie acceptor ih 


(A) II) AO. vAO + JtO, 
to form stalde oxhies both of A and of B. 

In some cases the oxide AO mav he ajiain rednec«l hv 11 to (he 

(4) AOfl! 


In the case td reactions priMcedin;' to the staei- (d) the linal result 
of oxnlation is evidently the iom]>lete oxidation of the ac<-eptc*r B to 
the stahh' oxide BO. For every molecule <d B underKoin^ oxnlation 
at lea.st (‘lie inoh'cule of A has nndereone a similar process, hut if a 
reaction acc(>rdine to [•>] can take phics', more inductor than acceptor 
will he found oxidised in On' system 

In addition to the <'ascs cited ahove, I he followiiie examples indieute 
the (liver^itv of these eouphsl reactions. 


\< n-r 

iii'lni l<ir 

' AtO'lltnr 

IliiC). 1 

N.i/n, 


(», ■ 

<'e(llH), 

Ni(nll), 


N;i .sn, 

N.I., 

d' 

SiU '1, 

Fe(NtB),SO, 

d1 


NaNO, 


Th«‘ e(*ndilions under ulinh a e^mphsl reaction eonsislinii; of two 
reactions ex«‘mplitied hv Ivpialions (1) and (d) tnav he convertcl into 
a catalytic n'action in which ihe inductor A heiannes a eataivsi. ns in 
indieate^l hy Kipialion (1). ha\e heen inve.sii^ated hv t ioard and Bideald 
who showed that if the oxidation potentials of the svstein eonfornnal 
to the following sclieme ; 

Itn reoiJii: iKiU nli.'il 


A B ' 1 

AO, BO AOj 
Fi(i H 


the rcactio!> was coupled; whilst reduction of the oxidised iridiietor 
AO would be achieved and the reaction rendered eatalytie. in that the 
iiiduetor would function as a catalyst for the oxidation of the acceptor 
15 if the oxidation potential of the reactants conformed to the scheme 
> FriX. Hoy Sue. (/I). 19J4, 10S, 134, 148. 
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{¥ifr 14/») ft IS cloartliaf tho acci'ptor B can now reduce tliiMtAiiIiM'd iii- 
liictor AO l)n(‘k *■() tin* ongiriai state A, in winch it is capable nf fonmii'i 
xiicw the iinsfahlc [wniKnle AO., 

Iiii rt'aMiit: n piitPiilMl 



AO, BO AOj 
Fill JtA 


This tnuisition from a coiijilcd to a catalytic oxidation process and 
vice versa, in ayrefnnmt with the h} pothesis of tin' order of tiie oMdation 
pnte.dtials outlined ahovo. was exainined for two |)aitici!l,ir (-.I'-es 
Halts of lh<“ ('(ilniirleMH ceroiis oxide t.V/)., are found to iindoreo 
coiijilcd OMdation with arsimites in alkaline .solutioii, tmt (atiilvtically 
ac ''derate the oxidation of a nnrnlier of ■niii'.irs sin !i as elm osi', lactose, 
and fructose 

The oxidation potentials wcie found to lie m tin- oidi'r 

(i) (leroiiH salt (iiidiii tor), aisenite facceptor), e(|nili!iiiiiiii mixture, 

pereenc salt 

(ii) Hiieiu (aneplor),ceroiissait (indm tor and cataK'-t). pere.-nc salt 
In the ease of Hchoiiliein s reaitioii. the sepHralion of nidiiie fiom 

jiotassiiiin iodide in tlii‘ iiresem e of ferrous .sails and hvdioecn peioxidi', 
it was found that in neutral solmion the oxnlalion [aitonlial of llie 
inductor, the terroiis wilt, la\ far helow tluit of the aiei'jiior potassium 
iodid(‘, luid that tlie reaction was cuii,si'(|iiently 'oii|tlfi| In arid solu¬ 
tion, on (ho other hainl, the relativelv Inch oxnlatmii potenhal of llie 
in'lnctor leads to its constant regeni'nition iii jiieseii'c of i xec^is <>f the 
acceptor, so that the leai'lion becomes I'atalvtn 

The actual course of change in the case of ceroiis coin|Kiunds at ring 
as a part of a coupled rcartuin rt/ m the oxidation ol aiscmtes, has 
been examined m detail by Job,' who has ideiititii-d the existeme of 
eerinm salts in Ihri’e states of oxidation - llie colourless (cnnis salt 
corresjionding to the yellow ceric salt t'e()^, and a red jieroxide 

He suggests the following luechaiiisni of ehatigi* 

OH OIK /OH 

2(vf OH + 0^ —> OH-f'e-()-0--(V^OH -e 11,0 
\0]I Uil^ \0H 

I’tlMuhlc [H'f'jYldi' 

OHv. /Oil 

—> 0H-)Ce-0Il4 IIO-l'e^OH. 
OIK \0H 


UjiIraUsI cerir 


tlnAtable 

hvdroncroiHk' 


Loc cii 
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\VIiil(‘ the liitormodiato peroxido flu'orv ap[)oars to bi' woll siib- 
}*tantiat«‘(I. and tho (ln'orotinil antiidpations of tlu‘ condItioiiH of <'liango 
from a I’ouplrd to a catalytic oxidation cx]K'nmcntully verified, there ^ 
are nevertheless certain jioints whi<‘h still await detinite cxperiniental * 
verification. 

We have noted that Moureu and his eo-workers have come to the 
definite conclusion that the jmHvss of siniph* oxiilatiou of a substance 
such as benzaldehvdc proceeds tlirou;')i twt* steps, «'x<'iiiplilied by the 
equations 

(1) A -i 0.. At)... 

(2) A(),tA 2 AO. 

The question ^^hetller a reaetion an online to (2) actually takes place 
has not Vet been definitely answered. .\s has already been indie.ited, 
'fitoirs experiments on the t>xidation of sulphites indnated the 
]»rol»al>ilifV at least, if not ihi* necessity, for a eatalyst to be pri-.senl. 

It would appear equaliv jilaiisible to as.sunie that the mechanism 
|)ostu!ated by .Moureu re.dlv invoi\es two steps, in vvbich a (iitalyst. (' 
I'lavs a pari : 

AO„i(' AOifO. 

Vi) \ V (’ F.At) 

If po.sitin* ealalvsts are actually always retpiired to laii-se tin* 
intenictioii ol the unstable j)eroxnle witli ihi* uiio\idis<‘d sulistaine so 
as to form an " electrical circuit the many dillicultics associated with 
tlie remarkable efieets of small traces ot mliibirors alre.idy rej. rred to 
(pp ! 12-lo7) dn mil arise 

The StMiHi'l jiuMlI oM uillrll is still lui'ltlllti is 

Imw fitr till' iTJt'iiial livpuilissts ci! tii.’ I(.niia1ii>ii cf alt iinslaMit 
liiTdMilc tiv ilircet inliTacliiin of lln- siilisliiiici' willi nioli'ciilar uxyKi'ii 
is Iciialili' Ariiistrutia r.'jisis tlia livjxptln'sis, in that ai-i'orilitiK tn tiis 
vit'w all llii’sp’ pr'Ka.sscs iiuisl Itc nlactrulvtii' in '■liaraclcr 'lints tin*, 
inhii.ittnn l>v Itvdrnt'i-n fvanni'* nf tin* (li*(*nin|aisitinn nl hydr.pann 
|a*rnxnli* bv nnllnidal idaiinnin is l•^|>Il*s.l*ll as tin* fonnatinn nf nnstalili; 

“ (jnrliviinils ' with llimr ri'tnrsiljb* inliTacInin : 

(til HO . II HO .011 
I't ' , I lll’l .Oil I IHI./I, 

' H HO , 11 HO .011 

.Oil It . . . OH OH 
Ul't.01I+ +0H((;X11)H 

.Oil H . . . Oil OH 

,011 

.1>C I 2HjO f 211^02+ HO(CNH)Il. 


H 
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and similar hydroxvlafions (‘ffcct.(‘(l by tho dnpolariwnjr (“Hoot of oxygon 
on till! olomonts of water uolmg as part of an oleefrical circuit must bo 
imagiiu'd as the mocliaiiisin of formation of tlio [loroxides rcf{Uircd for 
‘ thoHo proci-sfios Some interesting [n.'ctiliari(ii‘s ni oxidafnin catalysis 
are to be inited in tiie mve>,iigations of Itiitter' on catalysis witli 
vanadium salts Many examples of tlie elfccti vciiess of tbese (ompoiinds 
as oxidation catalysts are to Ik- found, sueb as the oxnl.tlion of snlpbor 
dioxide, naphthalene, ami benzene with ,iir of aniline by clilorats’S, of 
mercury by broinati-s or hydrogen peroxide, and in I he (ut,i)yti( 
decomposition of livdrogen peroxide 

The general nietJioil of ri'preseiitatioii of thesi- cat,di tic changes' 
may hi- wntfen 

MfL t “> MO f \ |,p|„r 

“> I-\ r 

The rieiessify for the o\i(l,ilion |K]|eiili.tl of V|||,,|,,| to hi' jess ih.in that 
of MO^. Imt less lhaii that of X(>, lias already lieen indn aled || (,ital\sis 
IS to occur at iill It is also clear that m addiiion ihe cpiesinai of 
reaction veloi ity m the eliemn al reai tnois involved inusf he i otisnhneii 
Thins We find V"‘ can, like I’ and P-'i lojis rediae lerlain liigher 
oxides V" ions, liowevei, redini' HCIO, more rapnllv than I' or 
Fe" ions, l)Ut reduce less ru|iidlv llian tliesr' ions 

Tlie lilteriK lion lietween lit'10,am! HI is relatuelv s|.ov ami is thus 
e(le(tively fatalyscd t>v vanadinm salts on .ic'inimf 'd llie speerl of 
the leaeliotis V'" ‘ IK'IO,. i Ift'IO, ami i III tin ihe oflier 
hand, the reai turns i'’r'.S()^ i IFS^tl^ortil t ,ue sr aii el\ .tibaied 

by vanadiiiHi .salts owing to llie slow speed ot ihe primarv le.ulioii 
V" t-lljH/)^ eoin[)ared witli that ol tlie fi'rroiis or loihne imi j'uitlei 
noted also that sm h entalvtu oxnlalions niiglil be .ulrmbd \vi(|i ,i 
primary < on pled read ion, .is m i lie iulloiving (ase 

t’liromic ai id - HI t- V" or \ " —> 1.^ f \ ' t- r hroininm salt 

liter \cM|)ler llliliiiler 

Tlie reaction prui'eeds in the lollowmg steps 

0034 V" ---> Cr^Oj I tVA I I' - ^ IVd', r I 

Such reactions may be attended by p-Tiodie pln'tiomena. as noted liy 
Bray.^ who found that uiulcr cerium eondilioiis the catuiytu' deunn- 
posilion of hydrogen peroxides by lodates according to the reactions 

MfiOj yL = 2 III 03 + 4H,0, 
r>HA+2iiiO3-:)O,4-L+0Jip. 

acquired a periodic character There is, however, a jiossihility tliat 
BUcli periodicity may be duo to mlmmogeneity of tlie reacting solution 


' DisacrMlioti, iKtrliii, IlKHI 


* J Ainrr Chem Sof , lOil, 43. lilOJ 
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Thk Duyino ok Oils 

Tlic us(^ of siiTHtiv«‘s to acoi'lcrato tlio tlrviii'i of the oil in painis 
and varnishes is a wry usual <un\ and lias heen tin* siihjeel of imieh 
(*x]K'rinH*ntal investijiation It has lon^ hoen known tlial linseed oil, 
wlien <‘X]«osed in tlun tilins to the air. under^n»es slow oxidation, a 
jii'operty used both in the paint and varnish industry as w«*!l as in the 
inanufaeture of linoleum 

Jappertd Weerr,- ami Kisshne*' showed that the “tlrvine'* waa 
virtually a process of autoxidaliou, and that Iinseisl oil could absorb 
or comiuiie witli nior*' tlian lit) per cent of its weight of oxv^jen 

The reactnui vel(>eity of thi> proe<‘ss of auto.xnlalion was first 



exaimiied by A Oenthe.'* wlio foumi tliat the increase (d \veif,jht time 
eurx’e exhibited 1 he usual sinuous cliarneier «if an aufocatalytie reuetion 
(Fie If)) 

It had therefore In- assumed that in the oxidation of bns«‘ed oil 
to linown. a product, either an intermediary or th<’ result of some 
.side ri'action. was formeii. which exerle<i a (atalvtic function on the 
nutoxidation of tlie oil 

If a, /; he the initial concentrations of lin.seecl od ami aiitoeatalyst 
respeetively. then the rate of oxidation of tin* oil after a time t 
wlien / of the linseed oil has already been oxidised, is ^nveri by the 
(•((nation 

A'(<( ~ r){/- ( s). 


' Zfil‘‘ch nmjru. f Arm , IHilK, 11 , 412. 
* Zfftnch. titujtyc. Vhan., IHIU, 4, Stl-'V 


5 ( hnn. lirv . 1S!*1I, 4. :ial. 

< ibid., I'yWJ. 19. 2087 
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an (‘qiiiitioji of fli(‘ form oorrospomlitig with thn curves ohtained by 
(ientlm in ins exjicntneiitH We must tlioroforo jjostiilato a quantita¬ 
tive rclatioiiHliip between the quantity of Imseed oil oxidised and that 
of the aiilDeatalyst ''imiiltaneovisly geneiatisl, u rcpelition of the 
plieiionicnoii iiuliei-d in the autoMdatioii of lii<' tnct.ds Exjienmenta! 
evidence also indieafed that the antoeatalyst was a pero.Vide, as is 
iH'liMsl III file uiitoVidatiDii of tur|ieiitini', ether, and many otlier 
organic siilistances, tliiis Kiinler and Wcis/berg,' wlio sttidio'l the 
effect of the addition of small ijiiantiticH of turfientine on the reaction 
vidocity, noticed that m! of tiiri'entme which had liccti exposed to the 
air am] < onfaiiied jiiore [leroxidt' tfiaii fiesh nniteriiil. xcited a superior 
catalyfn, aelivity Hcnzoyl peroxidi’ and ctlnT, who ii have been well 
sliuken with air, lihcvvi.se aicelerateil the ie,n iimi vchicitv Jn eominoii 
witli otlier iiiifocatalytii' [uoee.sses which can lie altiilnilcd to flu' 
fornialton of an iiii.stai)|c peroxide, lij'lit excris a marked lafahtic 
activity The oxidafion al'-o apficars to proceed fiiithiT under intense 
illiiniinutioii than in the dark (ienthe ^ found an mejease of iijovards 
of lit per not 111 weifiht diirint; the oxidation nl hnsird oil when 
exposcil to ultra-violet light 

lanseed oil whieli hii.s fiecn boded does not readilv oxidise on exposure 
to the air, siiu’e the aiitoeaiiilytu mafert.d originally present in tfie 
oil IS destroyed l>y lieat and tin' Jiiaferud itself li.i- umhugone poly- 
nierisiitioti to less re.idilv oxidhed iiiaferMls Ii ieg,iiiis Minie of its 
activity, however, on fdowing witli air 

Althoiigli file niechanisrii of the |iro(css ol dn;;ig u f.urU clear 
from the aliovc considcraltons, (he actual cln iini,il (hani'cs involved 
havi' by no mean.s liecn cliicid.ileil ll.uiira, ’ Kh’r'eiKl,’' li.dv.* 
(laidner,^ King,” Salwav,^ ami others have shown ih.it sever,il vuLUile 
products arc evolved dining tlii' oxidation of tlie oil, including (,irbon 
dioxnie ami water vupoiii and ccrfaiii toxic .sultst.iiiccs not.ildv c.irhon 
nioiioxnle and poisonous iinsatiirated aldeludes sm h as aiiohnn 
Linseed oil (ontaiiis the glycerides as well as some of the free acid of 
a varietv of organu. acids, imliiding linolenie, linoleu ami o|eii .kkIh, 
a.s well as .smaller ([iiaiitities of mixed glvccrules ot stearic, palmitic, 
and oilier acids (1 Scliicht am! Krdmann considcrefi Inioleiuc acid 
to have the following sfrnctine 

cHj ai, on oif on., on on.on, on oii(on,ij oo.ii, 

and Imolcic acid, 

on, on, on on on,.on on{OH,),o.oo,n, 

' rim Ziil llH)a,27. 11% * bx u! 

(inyor C'Aoii, 1889. 1,‘ll.’ *//<»/, I8'l|, 4,‘IM 

^ I'm I'iiint 1 onii'A .Syf, 1914, 14U ^ J Sif C'Vi/i /id. I'll.’, 3|, .'tl.'i 

’ J /mi //ng ('Am, IflU, 6. til " /Airf lUle 7 H'l.’ 

* J V/x m .'V-r, lOm, 109, U« ** //cifaijutnlanl, JUI1, »+. It 

“ Urr, ilhlO, «. lJJ-1 
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the gljTPrides of which, acconling to Orloff,’ undergo o.vidation with 
the formation of iicro.’cidcs, c.g. 

CH,.CH-i. CH. t'H . CH,. (’ll. (11. (11,^. Cll. ('ll(('H.i),. ('0,1{ 


and 


0 0-0 0 

('ll3.( ll.,.(’ll .(■1I.C11..('11 .('II((■|1,.),„.(■0J{. 

■ x-' 'll 

0 0--(t 


1! Iii'ing the jilycorine r.nliial, 

Kahrion “ (■(iii.'iidered that the |iercj\iile present in Orloll's oxidation 
products wouhl ho ntistahh' and undergo intramolecular (diani!e to a 
kcto.xy-group, funning, after condensation and cliitiitiation of water, 
the \arnish-likc stable solid linoxin : 


Clh,. ('ll,, ('ll. CH , (ilj, ('ll. l'll(('ll,),„ , COJi 

' I ' ’ 

O I O 0 


CII,,C|lj,( II ,C|| Cll,, cll OH ,C()(CII.,),„ CO,II, 

, / 

(') 


SaUvay, oti the other hand, whilst po.stulating a ditferent structure for 
linolenic acid from Krdmann. accounts for the fortnatton of traces 
of aldehydes and carbon nionoxide and ilioxide during the proi’ess 
of autoxiilation by po.stuhititig the interniediarv formation of a 
dio.xygenide , * 

Clh, CH,|C1L),,CH . CH ,CII CH .CH CH((:Hj),,CO.Ji 
(’H,.CH,(CH,),,CH,CH CH Cll CH Cl l(CH,),,('(,),I! 

■'ll I ! 

0 - O 0 o 

Cllj. CH,,(CH, 1 ,. Clio r Clio CHCH CHO i CHOfCII,), COJt 
^ -■ |(», 

(CH.,:CH C 110 )„ Clio, Cll .Vll ,CO,ll ((jllO.CIlO),, 

ami CO j, 

(ClIj.CH , (*0,. 

Ijinoxyn wouM thus in*, suhstantiully, a ronih-nsod nhli'hytlo in un- 
rhanged linseed oil. 

On the addition of very small quantities of siccatives such as the 
salts of manganese, lead, and, more rarely, rolmlt,, vanadium, ami 


' ./ Hus.f. rhfjf. Chn)! H«r . IfllO, 42, 63ft. * ZnUrh. awjpv:. Vhm . HU<». 23. 7U.1. 

* .StN" SrtIttAy and Kipping, J. Chtm. tS’oe., liKlO, 96, J06. 
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uraimim, the <lryiiig prof'fj*s is ronsidcralily ahoiUiiiod am) tli(> 
S-Hliaj)(‘il curve follows that indicated hv II ’ 

If. IS still II iimller of dis[iiil(' wliellier the siccative is a catalyst 
per sc for the oxidation of linseed oil, or wiieflier it catalvtically liasteiis 
the formation or stalulises the pri'seneo nf the autocatalytie peroxide 
and thus exerts a pseinlo-eatalvlK fiimtion 

ff imluily present in very Jarye (pjaiitities tJie ipiantity of 
fliitoeatafyst may he iiepdeeted .ind tJie (oriii of the curve ivoiihl he 
rejiresi'iited hy the simple i‘fjiiation 


8ome e,\])ennie!ifs, liovxevet, liy Jti'le.il point to tlie persistenee of 
tin' " jieriod of iinliK'tioii ", followed hv a rapid rise in the xalite of 
(ll / fh , we must, therefon' .I'i'^liiiie I liaf (lie hk ealne i' [isetido-e.it.dvtie 
in hehitvioiii and selves eithei to sl.iljilise oi asvjsl m the foriiialHUi of 
tin' uiitoc iif.dv tie [leroxide 

Tlie iiietallli' salts ol weak lU nis ale iisiiallv einpioVeil, c t/ the 
hoiales These, however, ■'iiffei fii)ni tlw dis.idv.int lyr i,| hi'iiio 
msollifile 111 llie ol! I rnh'r thesi' eoiidilioiis tin' ititliieiiee of the 
sit< ative [ireseiit as a heteioeeiieoiis phasi' in I he ml is not vei v marked, 
and. at the same liiin , tin- small solid parte !es [)resi'iil in the ml, even 
when they are eheninallv unTt as, lor ex.imple m (1,^ lase of sihca 
or Itaivfes, int as iieoative <atalvs1s,* sime ilie\ in the lie- 

eoinposition of the aiiloi atalv tii pi'ioxnles [•'m iIin leasmi sohilile 
orstann' s.ilts. iisiiallv tlie soa|is, are ocucrallv emp!<,\ed Lead nleate, 
mihall. liiioleat<-. and nian^ninese rosin.ife ,iie examph's ol siii h M)aps 

In;'le,'‘ and Mackey and In^h'.’ as a lesuh <>[ a |uiijr M'nes of 
iiivestination-s on the aitioii of sucatives, .irrived .it 'lie lollowitie 
eOIKlll.slOlIH 

(1) In its oil soliilile hum, le as a solidile iiielnlti( soa|i tiio.se 
uii'lals wIikIi exisi ill mole lliiin one slate of oxnl.ilnui ,u t .is diiers. 
jirovided llial file salts of the lower oxnles are more stahle than those 
ol till' Iiij'ln r oxides 

(2) Metals who h form a inmiher of oxides ari' iimre adive than I he 
mono- or divalent metals 

The results olitallied ill the luv’estii’alioiis of Iiiele are stininmrised 
111 the following tiihle (Fi^ Ki) Tim lihnk lines mdieale the time 
reipiired for 7 (trm.s of eoltoii-wool. mle<! with iJ 'd linseed ml 

(iodine value i7S), and mixed with 2 per cent of metallic soap, to attain 
ll temperature of 2<)tl'm a cloth oil-tester Tlie sliailed lines cue the 
cnrre.si>ondtng times re([inred for 11 arms of olive ml (mdine value .'j.'i) 
to attain the same tem['eratiire uiuler snnilar eonditmns 

('o[i|ier proveit to he .somewhat erratic in liehaviour, actiiii; lirst as 

' S(i' j) J 21 . <in<f 
’ J i'nc Inti I llIK), 35. nt 


■‘(itrliK'r I InJ hnii < A.m , I'M I, 6.'U 
* IM. lai'. 36. JIT 
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an accolorator anil subwHjuontly ihliibitinji tln‘ oxidation. It was 
shown that this action was <lue to iln* prccijtitation of cupronw oxide in 
the oil oh f'levation of tin* leinperainre. 

It will be noted that both soiliuin ami .-ihiTshow ealal) tie activities 
which are considerably higher than wmild be exia'cteil from Mackey 
and Ingle's generalisations, ami tor which no explanation is as yet. 
forthe«*nung. 

Knrtinr investigation on the intluener of H' arid OH' on the 
reaction velocity may indicate that tin* optimum conditions an* to he 
found when the oil, which always contains Miiall ipiantitit's of wiih'r 



Kkj. U). 


resulting from the anto.\id:iinm, is .dightly alkaline, the sodium s(m|i 
serving to m*iitrali.se the small «p»aniities of relatively strong aeids, 
such as acetic and formic aenl, which are by-products of the oxnliition. 
In the easi* of tli** silver soap, the precipitation of colloidal silver, 
especiallv since (’ujO lias heen sliown to be formed aliove ItMJ ', may be 
expected, and this would jirobaldy show eiilianced activity as an oxygen 
carrier. 

Ingle attribiite.s tin* action of .siccalivc.s to the int(*rmediury forma¬ 
tion of peroxides. Thus, on the addition of Jilliarge to limsecd oil 
partial saponification of the glyceryl linolenuti* n-sults in the formation 
of lead liiioleiiatc and glyceryl plumbo-linol«*nate ; 

(’Hd()L).i ‘^2Pht> PhOj.CglbOb f I'bfOb).. 
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ini>i:iM:K\ and h\ihmiuia viion 

Tin: Mwi r\< n in-, oi IhnKnijKX 
Til I ini-if i-'Iiil; iiii'iil i>f li\ in iU(Mi»'rn 

a- tnr lA.iiiij'l''. Ill ill'- Inilri'Li'Mi.ilnni nf i>iU ami tin* lix.ilinn of almo- 
"[tlnTh' Hilioir.'ii a-- aininoMia }i,is i n-alrd iIh- "f a <h'';i|» 

li\<lioorn •'ti|>|*i\ Mnri-o\.'r. tin- dt in.iini in i.ilalvin- liydroLimalnm 
j>io('r'»NC'« lor |iiiril\ of ni.nnri.ds ih‘M-.sitan'«; in nriiiv casc^ llir |no- 
diK'tion ot li\droy:*-n m a Ini'll ilr-.'r--*- of jjiiniv 

Tin- •^olIn••••^ o! hvdio-i.'ii 'ii|i|'l\ an* \ ,ii i<nis Klee(roly1 1 <- liv'lroumi, 
1 al iirallv. < a ii li" i cadih' olil.iin«*<l w it li tin* lM‘l■l'^•'ar\ d(‘;:r''<- ol pm il \\ 
hill till* 1 ovt fartoi Ml tin* in.iioiilv of < in iitii-'tain <'s ictiriiTi' its tisc 
pioliihiti\'• 1)\ anotlirr nniliod, in n-i- on a lar:;'* ti’i liiin-al srah*. 

Iivdr<i^>*u i-' produced h\' tiic d''romi*o-»il ion of sl"ai!i in pn-M'in-o of 
hr.ii'd iron tin* n'^ll!llll!i oxid** ot iton hrinti ndiici*il jo tin* iin-lallic 
»'ondnioiih\ iin-ans of isai'“r o.is W'lt !m an'l ill romilaf loii I Ins process 
ini\ he til.ole to \leld llvdloeeM o! the feiplisile pmitV WltllOIlt dl|e 
.It tent Ion. ho\Ve\-er. 1 he preselK e of p| idll hit 1 \a* ( oni'i*lit r.ll lolls of earl'Oll 
iiiono\ide in the ejis. restiltine from tiie .ntion of >leam on laihoii 
deposited Ml the ifoll froHl til*' U.l’ertias dlirMlJj the leiliinil'/ phase, 
tnav render tin* hvdroyen nii'iiiialdc for ij*«e m) certain <al.tivtic opeia* 
tioii" Fiirtiiermore, tlie eeononn ot tin* process is, at )iie-.eiil, low, 
andtheeost factor. 1 lierefon- soii)-\\hat lii‘'h 

Th'* anahi^'oU'' process of Ketyms, alrea<iy investicaled upon a 
small teciinnal scale. L'ciierates hwlio^en under lii<'h pressiiic and witii 
Ure.it puntv. h\ the aeiion of Inpiid water upon finely divided iron at 
inoilerafe temperatures in closisi sl<*el homhs The pressures emploveil 
are ueuerated liv tin* reaction itseli and uie Mifhcieni to m.imtaMi the 
watiT in the liquid state The temjieratures required, apart from the 
iniriul lieat ni*cessarv to start the reaction, are uiaintaim*d hy the 
oxothermicity of the reaction Like the previous method of prepara¬ 
tion. the proces.s i.s fliscontinuou.s. the oxide of iron ))rodneed simul- 
taneoiislv w’jth the livlrouen requiring subsequent reduction l-o the 
motalli<- slate 
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Hydrogen may also lie firodmvd from water g.i'’ Ijv liquefaction 
of the carfion monoxide at fite terniieratiin'*! of liquid air boilmg under 
reduced fires.snres Bv (liin nietfiod e(iiii|ilcte wqiaralani of flie con- 
jfitiienfH of tdie water gas !•< imt jeadilv iittainaliie and, in <’ommun 
practice, a livdrogen ci-ataiiung from J In percent of carbon monoxide 
JH generally obtained A iiior*' (nni|ilcfr- sej>ar.itioi) of tiie two gases 
may only be obtained witli a pndiibitixe deere.ase in tlie vh'IiI of 
bydrogen, since a niivtnre of bydrogmi with 2 per ci'iit of carbon nion- 
oAid(‘ bebavcH abiiost I’xai tly like Imlrogfoi in its plivsical projiertics 
Actually, tin* yn-ld of bydrogen \M;iild be (on'ideiablv iik reused if a 
% per (N-Iit ln'(iir)g('ii Weie olUaiiied by tile tn|iiefaelioii process, (he 
reinaiiimg b per (ent, of eiirli<ni nioiHixidi' iiiang .subseipieiitly removed 
by other inenii.s 

The water-gas catalytic process. --The most rei mt tec hmea! metliod 
for the prudiielmn of liydrogen. and m m.un wa\s I lie loo'l piomistiig 
as legiird.s ^lleaplle^s ()1 pHKliKtion iii\ol\<'s a lat.ihln o|>eialion 
using wnler gas and steam as tlu leurlion inaliTUtls In llie |)res(;nee 
of siiltalile (aliilylie agenis, at legiilated IcminTatiiies, <,irbnii mon 
oxide and sleam umi t (o \ ii'b! i .11 lion dioxide and Indiogen I d ilismg 
Water gas, tlieiefore, a gas in li m Indrogen wmild result, llie problem 
of (iirtlier pnnliialioii iiixohing Ih- ieiuo\.d o| Ihc (.iib.m dioxnle 
foimed and ol I he iiik om i iie<l < .irbon inoiioxnlc 

Till! readion oa lining wimli max be loimubiied hx means o{ the 
<'(|iiation 

t’O t I lb, 

IS 111 reality an eqmlibiiiim proeess, the direiinm of the leiidion Inaiig 
governed liy the leiiipi'rahires maini.iimd and the lomi'ntration-, of 
tlie resjteitive (oinpoiieiits The eijiiilibnii oidainillg at xaimiis tein- 
jieralures may. in the ,ilis( nei' of expenmenlal data oxer the whole 
range of tempiTiifiiies rcijimed, be i.iliuhileil from the (\periim iital 
xvork of ilahii^ at higlier tempeiatiires In lliis wax the following 
ajiproximate xaliies for the eqiiilibniim eonstanl 

f'lr.x/'ioj 

at the vaiioiis temperatiirea are obtained 

T )(I0 .’.OO 000 TiHI MIO 

A IUi:» 0 ! ll.t O') (in 

From tliesi- figures it is obvmu.s that high temperariircs taxmir tin 
prodiiclion of carbon monoxide in agreement with expeiieiuc m xxMicr 
gns nnimifiU'tiire Lower temperatures favour tlic ))ro(liiction 0 
carbon diuxnb' and bydrogen The lower the temperature at whicl 
the water-gjvs roaetion oectirs, the grealiT will be the eonxersiou o 
carbon monoxide to dioxide witli the eoinxspondnig iiurease m yiek 
' Soo lliibi'f. Thfmod^nama uj T'chmcaJ (Jat Henclion\ 
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and purity of liydro^on. On tin* oflinr liand, dci'roast' of tomp'^raturo 
slows diiwn tin; reaction wloniy. so lhat. in firactue. u low limit to 
the tomperature will he M't lu*}ow wliiih aftiininu'iit of i*<{iiilihrium 
fomlitions roipiiro the presem-c of catalvtic aj^enfs. Il i'< ohvions from 
tliesi* facts that, for the successful produciioii of hydrogen from water 
sias. catalytic ae»*nts are reijuire<l winch will rapi<lly jToinofc tin* 
reaction at as low a temperature as pns.sthle. 

A c<njsiderai>le patent hlerature relative t«* this proctcss already 
exi.sts The ha>ic pateiii for the prodmiiou of hydroeen fnnn jzases 
contaiinne the same in admixture with earixm mono\idi* ami hvdro 
carhoiis was uranteil to Mom! and l.anuOT ‘ Atcorduie to this inven¬ 
tion, the ea*,eh were to jie passed with exeess dI steam uV(‘r ln‘Ut«*d 
catalvsts. [or example, nickel.il temperatiires of .Ta) eohalt at 

•pH) -l.'jtr. 'I'lie livilroearhons wer^ said to lie dee«*mposed, while the 
earhon monoxnie was eoMSer1e<l to the flioxide, wliii-h was Iheri‘ii|)on 
n‘inove«l it was suhstMpnmtly «-launed lliat the <j;as procim-ed was 
alnu'si free from earlion immoxide I'dwortliv siij’^esred the I'inploy- 
ment of nil ke] or iron in a sninlar manner with a mixture of water j^as 
ami steam. A patent of l‘iiilman ami Klworlhv ■ junposes to sep,irate 
the earhon «lio\ide and livdroefii iiy proeesst's ei diifiision and of 
fraetional sohiiion In I’.K'T \ i^iion applied for a p.«ieiii for a piix-ess 
as al»oe. usin^' iron or oxides or j'latimim at reil he.it. The patent, 
na- not grunted. ICIlis and Kldred * emploved im-kel, non, or man¬ 
ganese for eatalvtic aueiits of the water steam reiieiion, iisiti^f a 
spc-eialiv ileMeii,.,] -.uperheated reaction chamlicr. N'ahcr and Muller^’ 
su‘:t!e>t the iisc of a < oiitaet iiiass of rhodium or palladium ashestos at 
a workimz temperature »(f mM They claim a |>ro(liiei with less than 
t»-t per rent ot earhon monoxide, It is olivious that at a temperature 
of SiM) sm h a low eohtent of earhon monoxide ran oiilv he ohtanied 
hv the Use of larec e\ce,-srs of sie.im. wlin li Would render the proce.ss 
econiiinicallv impossihle. .Mof receiith' a consid<*rah|e numher of 
[iat**nts have heen obtained hv the Ihidi-'i he ,\mlin- und Soila Kahrik 
relative to tin [>ro(<>ss. wliieli has l>c.*n estalilislied hy them on a 
(“omm'-ni.i! basis 1' P 2tl77t) IUI2 tails f*»r the c,irrviiii< oiil tjf the 
process under pn-ssiire-- t>f -)-l<) atmospheres at temperatures helweeti 
tin* limits of .THV ami htH) . iisuie- im ke} and cobalt as cataly.stH TUe 
increase in ])r<‘ssure inipnnes both the reaction velocity ami tlie heat 
re^eiieratmn. So comhictetl it was claimed to he .specially useful for 
pase.s with small carlioji monoxnh^ tonteiii Later, m 1‘.)I2.'' an im- 
provi'iiienl was patented for the mamteiiaiice of the rc'juisite tempera¬ 
ture in the cat.ilvtic, mass by tin* adtliti'ni of air or oxygen, wliieli, 
combining with some tif the liytlrogcn, generate'! sullieient heat to 
enable the prt»ces.s to \n' maintaine'l ctinfinuously, especiully if only 
small amounts of carbon monoxide w'*r<* present A patent of 1P!3’ 

‘ B.K liiws Hss. * Ri*. ij.'ito.ism. » n.i’. 2tmr>!iwn. 

‘ L-.S.hH54l57 luo:. HP. * HI* 27117 ^ H 1», 27y.'M. 
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liy Ci<‘ sattn' ('<itii[iiviiv dciils wjili 'suitalilc catahsts, tho of winch 
was iixidr of iron with Miitulih himimt' HI’ I'-H.T is 

(oiii’iTiK’il with i.itiilvsl' < oiiiaiiiiiiiz iiii'kol, l■oll,l|l, and similar sub- 
staiHcs, vvhnii ii|>|)ari ntlv lami towaid^ lln' Miiiidtaiicoim prodm tioii 
of iimtliaiK'. Hiiii t' Hi’ 27 'K/i/HM,’l r|<-.dt with (,ita!\ >!■' w Im h ilo not 
jiroduco iiii'tiiaim ti\ sidc‘ nadioti TIo' niatcriaH Im rr (iti’d as 
(alaly^l^ am mim'’roiiN and iiP. o|\ c as basu >iilistan('i' [hiih i[)a]l\ lion 
oxide in inimuiuie with one or more s^ll^^tantes ad.ne as promoter^ 
of the of till iron (i\idi' (’hroiiiiiim, nnkel, aluminiuni 

tlionimi yini, had. iiMinnm, and other oxides are i ited in this eon- 
ins lion A hill r |ia(eiil ^ letiirns to the <d,iims of H I’ I'lrh 

uniiilifYiiio llieni In (laiimntr, foi ini a' (aial\--P oxide. Imlroxnlo, 
ami I'lirhoiiai eons iron oks eiiiidoved iith'r in hnlk m hroiiehi mto 
snilahie form l)\ |iowd'im;r <uid ailmixtiin with bnidme ai^etil'- The 
minerals <'m[i|oved should pnder.ibK be foe from siiiphiir ihloiliie, 
liliospliorus and siliioii th<.iie|i small aniouni- ol ihi'v ,ire i-aid ro 1 k‘ 
peimisr.ible It Is iiisnted with r'eaid to tin prodni Iloii of ail tlle^e 
nital\sis. that liie]| ti'inpeial uo s i-lioiild la axoided m ilm lourse of 
[irepiii.ilion, and a liiiiil is set at ]ih'fei.tbU ht low n'ld li i> otn mils 
1 hut MM li tun it at ions exi hide fiom use t he oxnh' of iioii obtained li\ 
the roasline of [nrites ores The nldi'.itioii of this matiiial for 
(atiiHtii |)M'p<iiations is tin' siilijeit ol .1 paieni li\ Hmhanan and 
Ma xted ■ w ho ( liiim 11 le 11 SI III till oxide o| lliili ol I IIIM d I lolll '■I id Him 

ferule as ealalxst The maleiial is pi, p.m d b\ . .. tniint p\ iiles 

with sodium I,Ilium,tie ,it ehnalid tempi laliiri ' lollownl In lixuia- 
tion o| I he mass t lins ohi.uiied '1 he mas- nl mo: o\ii|, -o pn pared, 
ami loiitainiii^ some uiideiompoMd toirili i- il.miMri lo ^.-ni tioml 
eoiniTMoii .it modei.ile (omjieiul iin-• \ 'iiniMlnm pate ni of 

I’an lialiaii ami Maxled ' 1 hums tiie me' ol iin talln 1 oiipi, . a- ini[)ro\ 1 d 
iiilalxsts Thus, In redm tioii ol t he lion oxidi oblaiio'd in i In m,inner 
(Ited III I he pt( \ lolls patent and In iniiiieision ol 1 (n iion 1 Ini' piodm ed 
in u solution ot I oppei s,iHs a mi'taliii non ioppi r 1 1- nliiaiin d 

w itli wliieli nil pi in ed eotiveisioii at iin inisi d \ elm itles n 1 1 utm d 

The aitiiid iiiaternil iisrd m lei linn,il oper.ilioit will ih [lejid not 
imh on lataUlii lull .ilso mi faiims 'in h ,is lobu'imss of 

eal.iHtie imileri.d ,iiid diirabiiitx tnw.uds mijtiiiini' in the- i.iw 
iii.iten.ils used for inamifiietiire ffxides uf iron, eiiln 1 lioni mii.' ml' 
sill h as spatliii ore, nr prep.ired (roni non compoinids ,ire ilio m.im 
I misliiueiils of li'i hiiieal lalalxsts I’roiiioteis sm h .n i hiominm ,ind 
cerium oxide' imjirine the oxides of iron iiiaikedlx 'I he ii'ilmn.il 
details of (he proiess need not he eneii Imre slime flni have heon 
fully treated m u mnnber ot piiliheutnms ‘ 

Assumme a worhint' temperature of otHi' .ind ,v lat.ilxln aenut 

' n !■ ii'i-i'ii i'ii4 Ml i‘mm till i ' n 1 “ (ii:t I'll I 

‘ N e, foi I \,irii| |c I'inicii, hul'i'lnitl Hvl-o-iin • li.iii ni il In inn al 1 'ilfti".'' " N' n X urk, 
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0 !i)nil)l(' of iiroiluciiiii njuilihriiun iU rupol vi‘lociti(*s it is iiitorostinj; 
to tioti' till' llro«lu<•t^ to 1)0 ohtaijio'l froii) a cotniiuTcia] hhi<‘ wator 
,ua^ < nntaimii’'. si\, 10 per ooiit of oarhon nionoxalo .\l oOO 

/ /Ol,o -/'.<) 

/'ll. ■ /'MO 

i> a]>prf>.\iiiiat« ly .'.pia! to o-l. .so iliat xvitli lapia! rotH'<-niratioiis of 
stoain an«l hydioiicK ni tin- cmi l'.»m's u |s (i 1>\ i(iu«< ihal p,,, p,n, 0-1 . 
itiat Is. I lirro woiiiil III'appri‘\imal<’lv I pi-r ci'hl ol i-arlioii luonovidi' 
m till' I'lMilu.il proiliuls wlirii ilic .sic.nii was rlnoin.iti'il In prai lu-o 
If i.s ciistoinarN (o inliK-r this pi'rci'iitas:i' li\ <'nipIovin,i» om'o.ss hI >.iraiii. 
fill' anioimi ol ifiluoiion lioinn oovorncd lo lh«' .umnmt ot stoain usmI 
Xppari'iiflv llii- lio't rcoiioiiia- halaiiM' is sronn'il li\ I'tiipIoviHL' Milli- 

' O'Ilf si i‘,i Ml t o ii'iliiM 1 hr ca rhoii Dnnioxidr coiilrni ot tin' ii'sulual i^as 
lo J pi r rriif This iii\o|\rs. aicoiilino to till' l■lp^lll)m^ll <lata. a 
strain h\ilro:jrii rafio iii tlir r\ii j/as,..^ ni t oi an initial lalioot 
w.iii r Lias (o sfrain ol 1 \n| w.itri nas to -J\o|s o| >(rani. an oniiii;: 
to till- ripiahoii 

11. ■('(). :.II,o ^ ^ dll,. CO, . iH.tt 

\\ a. r 1 ' 

I sii,o ili.v, appro\iniatr ijtiaiil if irs, a Ixpioal aiialvsis ot i hr risiihinj.' 
ras will hr sontrW hat o| till' oldrl' H , li.h prj < rUl ( 'O , .'III pri rrlp . 

< I * J prI I rill rl( p.T rrtil 

III'' ’hrniial halatirr o| thr plorrs- in.K' noW hr roli^nirird Till' 
i- at t loll Ol < iin iiiL’’ 

cn • II,It -lit.: II. 

Is '\olh-Mnl<', lll.dlMI rals hrin” llhnalnl prr nio|r( llh- ot railioli 
iiio;ioM.lr ( o!i \ rrl ri| With i.’oo(| lira t i \ i lia iioi'i s ra j )a h|r oi \ irhlin;: 
a 7 I prr rriit hrat rrt."'nrra1 ion. thr I'XoInlion ol hrat is MillinriM to 

< o\ ri all <'Olid 111 I ion and tadial ion lossrs Onlv al sf at I iiir is prrlirat iiir 
irtpii^iir. foi whali puipo.sr w.it.T uas ina\ h. hiiinl Siihs<'i|nrntlv 
thr iiiiM'd watrt ras aiid st.-ani p.i'^.s ihi'oiiLdi hrat r\« h;oi;:rrs m whn-li 
llii\ ai'r })roii,i:hl to thr iradion truipmatiih- oi ahoiit ,'.IKI }i\ inraiis 
oi t lir hrat ot t hr r.\it tiasrs pas,si nr Hi t hr rr\ ris«' dm rt loll and h-a\ iiii: 
thr Iirat r.\( liaiiori.s at a trinjirratnrr oi appro\iniii|rlv |(K) With 
siK h a prorrdiiir thr proi rs.., is routimioiis a hn'ioi of ronsidrrahh* 

a»i\antaj/r as ronipaml with othrr proirssr^ of hvdiorrii prodmlion. 

1 In rronotny of thr jjiorrss iiia\ hr ilhislratrd iioiii aijolli'T 
point of virw ronsidiTiitirtii *»f thr rrarlioii r.|ualion will show lliat, 
throrrtn ally for thr jirodiirtum ot I \oIiimr <d Indrorrn, I voliimr 
of walrr ^las is iripnrr-d. Inprailin it is »lannrd tliat l-l volunn-s of 
wafrr ttas an- .suHn irnt This is in inarkrd rontrast to thr <ondilionH 
idnauiini! m thr strain-iron proris.s. m wfm jj fnaii ‘J to I xolniin's of 
wutrr ras arr napiiird. acrordinji to prartiral l•x|lrnrJM•r for thr pro¬ 
duction of I voliiuic of hydro^jrii As rr^arti.s thr rronoiny of Ktriiin 
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in the process, it must also he olwervc<l that althou^'li an <'xcess of 
steam is reijmreil m tins jiroci'ss to ilemvise tlii' final larlion monoxide 
coiitml, tJie sliaiui ttni^iimiJtion niiuli less than in the intermittent 
stiam-iroii |iro(ess, m wlndi, as at [in'seiit employed, as niiieli as three 
or four time.s flu' tlieriiefjral uimniiit of ^te.lnl retpiired is I'lnploved for 
the pioiliKtioii of limt voliiim- of liydro^en 

A further aiKantat'e of tin* pioecss exists ui that (itide water j^as 
may la- em[>loy<’il. iiu speiial piiriheatioii otlmr than the remoxal of 
nn'eliaiiK al imfiiinlies, sm ii as flue dust. [)cme r('i|iiiied This ((Oiioinv 
is realisaliie ownie to the t,A( t that ail the oreaiiie .stilphii! i oinpouiuls 
pH'setil III I he Jills aie I'oiivcited t iitaK (teallv into sliipliiiretted hvdrojten 
Tills [)io(ess of sulphur (oiiversnm is iiiteresiiuj; in otliei i oiniis tioijs 
and IS dealt with in nmie detail elscwhiTe in iln> liouk The siil- 
plmretted li} iliojiei) foilind III tins ni.uilier, loj^el liei with I lull orijiitiallv 
pn'sent III file (i.is, can leadily he iemo\<s| from lh< lesiilliiie e.isnnxiiiie 
alone with the lailKoi dioxide Otoionsly thmefiih'. the Indioeeii 
olitaiiH'd, hemii siilplmi fr<(', is espeiially suitable fm (mlaiii eatahtic 
Operations as. for examph' aiuiiioina svnlliesis 

The disadvaiitaees ass,mated with the (at.ilvlie pimv.ss niav l>e 
mnimeraled In the fir.st plam', then' m the iem(,\,d of the e.irboii 
ilioMile, winch foims upward-, of ’’.i) per (cut n| tin exit eases trimi the 
coTKieiisers Ailiiallv this IS (ariied out in [ir.Ktne \'\ ,i s\hlem of 
counter eiiireni water-w aslniie under pH ^siire* of about 'Hi afniosplieii-.s 
Tlie system is well tiie<l and vniiK ladroeen wnh ,i i.iibnn <iioxide 
(.Oiiteiil of less than I pei (ml wlmli lesidiu- noa be subseipu ntlv 
rmiMUed fiv lime or alkali.s ll the hxdroeeii h.is .iliiow.ihK to be used 
111 iIh' compressed sl.ite, the compres.sion msts aie ineheilile |„iiji.' 
(|naiitilies III W.itei mils! iieeessaiilv In i oineineiit 1\ to hainl liowe\er, 
lor the operation of llm pmeess I'aii of th,. mrrjji miessaiv tor 
pmn|)iiii; the watei is reroxi-iable Itv miikiiie the i''''Uiite water work an 
apin'opnale motor l’>y means oi a Telloii wheel aiiaiiemimt fnio'iK 
pet eeiit of the eiieijiv mav lx- lemveied SimiiitaiHoii'-K wnh (he 
larhou dioxide .sulphuretted lixdiojreii js also temoxed \ ,, rtain loss 
of hvilrooeii oectirs duinij!; the pioi e.s.> of w.iter-wasbnix, pn --iimabK of 
the oiilel of lU [ler eeill 

Tlie lemoxa! oi the niieonxeited (urbon moiioxide forms a s,.ion<i 
obsliiele to the utilisation of the (aral)fie proi ess .Nimieiou' nietlHHls 
have been siij;;ie.sled for <'tFe(tinjr tins CiTlatn pron-sses iri\o[ve 
methods of ab.sorjitmii. for example, b_\ ammonuical i iipmus subs iimh-r 
jiressiirc The eonver.sion of c.irljon monoxide to sodnim fonu.ite b\ 
hoi eaiistie-soda soliitmns ninler pressure [la.s also beini miliscd (nr 
remoxivl The }>ases when freed from caiboii dioxide iiml sulphur 
coiujioumls are also .snlhciently pure to enable one lo iimioxe the 
carbon inonoMde by com ,‘r,sion at the oxpi ti'e of hvdrojreti to metliane, 
usiii;: a nickel latalyst The Jkdisclie patent ‘ jirexjuusly eited rediaoa 
' Hr Jn"U I'lli 
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tKo inonoxido coiitfiit of tlio ga.'S by ropi'titioii of tlic luaiu catalytic 
profcsi? under pr(‘ssurcs id 4--b^ ainiosphcrcs. Pr<'fcrciitial combustion 
of the carbon monoxide m the hydrojien has bt'cn proj^osed liy IIar«iet 
and Terry ^ and a|)plicd to tli<‘ particular product from the water-jras 
catalytic process by Hideai ami Taylor- with a liigh-tcmj>erature 
(2tK)''(’) catalyst of iron-cliromium-cermm o\i<les. and bv band), 
.Scahone. and Kdpir ^ \\itl» a catalyst consistiti}: of copper and man;fancs(‘ 
oxidi's at temperatures below HMt It is obvious that the particular 
proci'ss adopted mav bc L'oNcrucd bv sarious factor^ opt'ratme to <leler- 
niinc till* eliou'ed 

For ciTtaui purpos(‘s a fiirtln'r disa<lvanla};c of the cataivlic process 
lies in the prcsenct* m the final liydro};cn of the inert j^ases. c // nilro^(‘n, 
methane, etc . proent m the orieimd wattT eas. For ammonia synthesis 
llie presem-e of nitrogen is no <iis.id\anfaee. In other catalytic opera¬ 
tions it may act as a diluent, and in eirciilatine systems tends as docs 
methane also to aceiimulate in the easroiis system and so linally 
brine; about a stoppage m the proci'ss tor the rejtaMion of the diluted 
hvdi<»een. or a constant lo>^ oi spent ea-' bv eontmuous remo\al from 
the cin-iilatorv system 

In spite ot thes'e disadiantaee.-^ u would .seem ihat tin' <-oiitinuous 
ealaUtic process is the clieapest and mo.st promising of the ju-oeesses 
for laree-scale li\<lroeeii prodiutioii li is a process also which .still 
oilers I'onsiderable po.ssibibties for development and improvement, 
maiuK m the treatment of tlie ea.srs olUained from the coiitaet mass, 
’file elht ieiicv of t ln' proct >s Up to 1 Ills staee uia V lie reeatdi'd a> alr<‘a<ly 
\ erv hiel; 

The probhun of remosal of tin- larL'e ipiautilies ol carbon .lioxirli* 
obtauietl l)v cataivtic (ouver>ion «tl water uas and steam is the object, 
ofanollit'r senes of patented ]»ro< esses emj)loved u|H'n a teclimeal scale 
bv the tlrie.sheim Kiekiron Co ’ The catalvlie malerial is lime smtulily 
aeti\ate<l liy atlmi.xture ot snbsianees like oxmIc of non i)pcratiiif' at 
tenijieraTures of 4tHi -.'•iMC. con\<-i>ioM to eariion dioxide ainl hxdroecn 
of tin- wafer eas and steam is readilv attained The lime ai these 
tcmjieraturi's absorbs tin- catbon dntviile, vieldinif carbonate, sirn-e 
only above bOO <loc.s the disMaialnm pressure of ealemm earbonate 
become markeil ^ Ab.sorptnm oi tin- <-arlioii dioxide fiisturl»s the 
eqiiililirium whn-li otherwise would pn-xail, and so tin- earlion monoxide 
is thereby mon- comph'telv renioveil Al-^o, the n*.suit ini' uas doi-.s not 
contain tin' large quantities of caibon dioxide obtaiin-d in tin- process 
previously consideri'd. f)n tin- otin'r hand, it is obvious that <jwing to 
the conversion of the lime into earlionale tin- prorcss is nerc.ssarily 

I n.i* i.»7,M'l I'.UT. ^ nun. 44. s'l 

3 ./ Avi‘r S<^, l'♦Jl:. 44. 7:iS. 

* For » coinplctr In-atn.fnt of iho miltistrj-tl proMr ttiv in (If tinniif i< inir <,f n l-y 

till* \arioUM pr<ic>.-ic-. ho- hu/u'lruil lln'lrixjin, \ s \l..rn,>;Mj>li '< nij, ul 

Co., Nov, Ynrk. IDJI) 

B.P. HMW. 


* .rnlKidUrt). / A’lifr ( ht'fi. Sue , I'.U'J, 32, 
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(lisi'ontimiiiiiH, (in‘ iiiiiD ir;.’'‘iiri.tti(ni liv Ihmiiii" tn moic 

cli-Villi'd |r'Ill]l(T,llUn-> Tlie llli lit ril' I i-J I'CI |< > 11 , lllffi'fol.' (if 

SIH ll ,l prodS'l ,l^ an .lltcrdilt K r 1(1 llli' I'.lt.lhtK [iNkC" |Uc\H>U^Iv 

((iiisii!cri‘(l liiilircs oil i)i(.. (it ilic ic;:''iii'!.itiiiii dl lln' lime 

('.lt.ll^^lt (IS ;i;^.uiisl ili'‘ |priH(i> nt w.ilci-w.i-diiii': mulci [ircsiurc ll 
will lie (ilivKiii'i tlial loi .1 l,irai’-s( all' livdiddcii |ilaiil lln' lime rc'iuiri'd 
will ln' (‘iidrmous (if till' oidi I (if llKi Ills uf Inn, Im Iihiii , iiln, t'd (if 

Wilier p,IS (dill.iiiiiii;.' ri|iirietil (ll (.iiliiiti iiiiinuMdi' ,)ssinniiid t li.it 
.IS iiiiieli a.-' hiilf llli lime ni.i\ In (mii,('Med in (.11 1 ,(III,111 williiiut im 
)iaiiine ll-, alidit\ In niiKue Ihe lailinii iIidmiIi Imm ilie lM' 
dljied it I's dmdlthll wlletliel III. e\|>e|i-i n| [I'll! m l.itinll ( 
(|ll.l!llllliv ot lime wmdd (nm|)ele ll) ,| l.ije,- InllliKal Unit W 

( nllhllllnlls S)s|im nt re.. <li (.III.. li\ rnlllllel- 

W.ller-AA.l'sIllIie Dismleei.lllnn n| till llH).' dillllie 
Idlliis .1 fiiitliei dis.id\,inl,i”» 

Till' nlieni.ll pali'llls In 
Mnlil\ The IlnpInY, 

( nll'isli i| HI I he .uldll mil n| 

.li'( elel.ltnl Was Sllldli d I 
e(|Ulllli| linn ( niidit mils ( nllh 
nt p.l's's.iee (it I he sle.im u ,ili 
I'K'si'iif It IS nli\ mils 1 h.ii I 
I he wati'i ea-- ll ,ii'l mil .1^ 

.iiin\ (' ,ind. I hen Inn , .ds. 
lilt' limi' Dnllhlh'ss Inn 

(llnll n\lde Ullh |Hn|imliIs) n| ihi' lelillMIlnn- 
.u'l I'lei.ili' (iHisideia l)i\ liie Iniii' |ini(iss t'aithci 
( edilie slmiild In pnssitil.' Ill \\ hli li tin s|. .iiii w.ih j 

insi .ll |iiu -.Mn) n\ei an ... (al.dwt Inr tin 

I hen n\ et 1 1ini' III ,1 s( ( mid < h.iiiilii'i niami.iim d .11 1 In ^.nni 
lliie h) h'lmn (' I he i .iilmii dinvide and linall\ n\ i 1 ,1 lint Id i m.i-" <>1 
I In' niiein.d I .it.iK Ik m.iti i i.tl m w hu Ii I h.' n sidii.d 1 .nlmn rnmmxidi 
shniild he liiilhi'i imni'ili'd li\ sh.iin tn lailmii dinxide li.uiim nnl\ 
111111)111,1 1 (jii.uitil ii's nl 1.11 him iimiinMih'm I lie )iv dioL'i n nhi iin. (1 

\( ( nrdllie tn Melt/ ,11 id \\ I'M li - I .11 hi in tlinluixidi ,111 I a I .1111 n .11 I 
whi'ii passed n\ei Miihi Iiine .It teinper.ilnies nl hni and ii|'V.,inls 
1' niethnil nt iii.iniilai tiire nl [i\(line,ii li.is hi,a 'iiee(-.(,d tm 
linie.ll npeialinii hy I ||i' Sni lete tii mr.lle ih's Niliiin s nt I'mi' ’ .ind 
■f'hemisi'lii' h'.ihiit, ttiieslieim Klehtimi ' I! K W lisnii, thi-slai hei 
.uid iM.istersnii h.i\(' stinlied ihe reaUinii in Mirmwli.il nn ilii dil.iil 
iiiid i dill tilde I hat SOI la -1 lines wit h hieh (.uistji -sml.t 1 niitenl .iie heller 
ill,111 t-linse w It h Inw, 01 than lime .dmie The Inrim r ;:i\e 'uhsiaiMi.ilK 
{'(ini[)lete lemoYat nt 2 pi'P eeiil i arhuii iiinnnvide in li \ drimi n iiiiNtiin s 
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at aTouiid liH) (’ Small amounts of water \aponr are hel})fiiK ihou^li 
not <*s<enTial, to the eilieieiu'v TheM' authors el.urn tliat tlie fumla- 
finmtal n'aetinn for the removal ol t he j-.js at the higher lemperat ures is 
CO . 2XaOH Na.CO, , H... 

\n alternative senes of jiroeesses for the jiroiluetion of hxdrojieii- 
earhon dioxide mixtures from steam ami <dlvt‘ are emhodu'd in the 
p.itent el.iims tif OielTenl'aeh and MoldenlMUer. lnst«-ad of em|»|oviiie 
ealaivlie aLteiits to hniie ahoiil tin* \\ater »ra'' rea<'tion. ilii'se elaimaiits 
j)roj)ose to la'ilitale. 1)\ addition of eatai\''ls, the reaction )M't\\een 
<'ol\4-and •'team, di that it ma\ Ite (arried oiil at sm li low tem|ter.it iires 
that the j'lodiiets ot iiileiaeUoii ah' |)riiieniall\ earlmn ditixide and 
hvdroeeii In H I* 771'.* I'lM* the atidiiioii ol an alkaline h\dio\nh‘ 
or silt, and es|K'ci.dlv a ^iluate. is smie,.sted to enahle ihi- reaction 
heiween coke and .steam Iti ln' cHei ted within the ll•nl|»eralll^e inteiwal 
.‘mO 7.''ti In 1) 1’ 77‘jti lull' the use ol alkali', and alkali s.dl.s is 

siii:ee,si(‘<l Tile Use ol hoth alkali .ind him' It IS stated.' still tinlher 

deeiea'cs the teinjteratuie at which sie.iin and coke will react with 
ra|miit\ N’e\ille .iml Tavloi ^ h.i\e in.oh’ a llmoieiical stiid\ ol these 
jiviteiits and lind that the alkali i aihon.ites alone operate a^ leaih’ 
etlieient i.ilalvsts fhev showeil that the t.itaivsn iii\oKed an ;icce| 
ei.ilion o| tin- n-a'lion he*ween eoil.on ‘hoxnle and e.irhon tailn-i tiian 
the eiie. t oi tie < atalvst on tie water e.i, je.n imn. 

CO ■ n_,t» etc . 11. 

It was slinwii that tie ah-'Oipii\e eapa«it\ lor e.iilion <!io\ide ot a 
( hareoal I’oniainiiii: such »al;d\-'l'. u.m m.iikedK e|,.at<'r- iImii that of 
the s.iiie I hail o.d in tin' ah''eii( i <>1 .>iu ii aeenis 

The steam-iron process oi hydroKen manufacture omhied m 
the iiitrodiietorv p.naer.iph'- ol tlie i li.ipier. tie pnaliieiion ol iodioncn 
1)\ lie ,o tion ol steam oi. le.iied nmi e alie.nh laieeK e.irnetl out. in 
the iiidii.'t r\ 'Idle main o a( lion wIm li om in'. iiia\ he re|ir< o-iilei| hy 
tie etjiiation 

;il’-' ‘ ill.,ti kv.o,. Ill, 

liv redu< tion. Usiiall\ with W.IO i tia'. oj l he o\ide of non t hns ohlatied 
the iron m.i\ he reecneratetl and tie < \e|e ol operation'' n-peaied 

The original patent^ |«ir tin pio< e..s are \er\ old thie. lot esamph', 
in 1» l‘ -d'.td iHllI Jieeph . 1.0 oh (hums lie eomnieo lal piodll'tlon of 
liytlroixen l)v the aetnm of ste.iin on non lilinu'' or lionn;:.s or on non 
crushed, (.'round, or pulvert.sed I he leaf of the ieiiiit> was to lie 
maintained 1)V comlm.stioii of a portion ot iIk- Imironeii prodmed, 
the iron after oxidation was to he dischar^'ed from the relotl 

Tie alternati' reduction and sieHinin'.' process was patenfeci hv 
Lewes.'* Hills and i>ane' and Ilillsand .Monteiix ' utilise this prnieij»lc 

- .1 ' /<.!» .s- , I'lJl. 43. -’nrVi 

‘ 1’. I' OiTiO ' ) i’ 'mnH'M lUdS, 
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m specially dcsignctl a|)])aratiis for commi.Tcial production The earlier 
tyjK-s of plant have heeri eotisnlcrahlv inoihlied in detail as a result 
of ui'cmnulated cxpenciKc, hut the pniuiple of (i[iei.ition remains suh- 
■ ^liiiilially the same Kiirther eeoiioniieH of ojier.itimi are claiineil iii 
llic numerous jiateiifed details of Messer.'ihmidl '■ 

Aeeordiiii' to it)e patent sjiei ilieatioii of J>e\le^, iritii hormos may be 
einployi'd lor llie readioii SitHC the two plid^e-, of tlie j)roecss arc, 
Itow’ever, maijily smfare aelion.s, or at most penetrate but little into 
the ititeiii^r of til'' m.iteinii, reierit iiraeiice has ii'.sojved ill'll into the 
substitution, lot nielallie non, of iron in a porous oi .spoiiey (oiulition 
wliieli will offei a maximum of surface for .t mimmiiiu ot \oliime The 
iron is tlieji'biie ^'eiierally obtained b} lecliii fion of ,i imn'U.il ovule or 
from enilioiiate ores ,sii( h as spatliu iron oi'- 1 )\ O'diii tlou of the iiui,s,s 
obliiiiied idler ii'mlH)u and loss of i'arlioii dioxide fn tins way 
material [Hissessttie both porositi iui'l lesislciud' to disinfeeration is 
reuilily olitnmed Ko.isied pyiiU.s fiom vvliuli all suiphiir aiul the 
vuliilile metids liii\'e iji'eti removed has .iK'i bern pioposed ,is the 
ri'iietion inateiial - All sin li m.iteii.iK sliow a ejeaicr m less tendeiiey 
to lo.si' fbi'ir aefivify uilli repe,iii'f| oxuhdion .ind rediietioii, and 
researi li into the (.aa,se,s t heieol i oiidiieled mi I he Liree fei limeiil scale 
has ,sho\vii If to be m pail due to fiitimp o| the smt.ue I’.irt of the 
loss 111 aefivil v is (life to depo.situui of loh'ji’ii bmlies sin li ,|s lailion, 
stiijdiiii, etc. Ill tin mass, but tliese in.n Ite nieoved i,\ peiuidual 
liealiiij' Ml ii l■llrIent <d nil The frittiii;: tmwio.r d pejmanetil, ami 
i(iii.sei|iieiilly man} siieetstuuis li;i\e lieeij pul to (ounti'i.ict 

tins dillieiilly Tliev loiisist eliielK in ibe n<iiHi\iiiO' 'aiiIi the non of 
liodies whieli m.iy eirlier reader llm non less fiiatih ,iimI h «^ h.ilile to 
soften uiili the temperatiiri's emphnnl, m winch ni.iv < ,it,il\ti. allv 
iissist Hie inlcraelion ol steam with iron so that eo,,,! vad'ls ul pMs 
may lie obtained at lower temper.iliir'-& than would mirni.dh pie\,ii! 
Thus, Messeischmidt projiose.s'' the Use ol iiatur.il ori's of manoaiiesc 
and of maiieaiiest .uid iron to attain lower reiufimi ti iii|>i ratiiri-s 
Dielbnib.mb and Mol'lenhatier ^ iLiiiii the use of alli>vs of non with 
mamiiinese, elirmmum, tungsten, iitamiim, aluminium or otlmr sniuLir 
I'bniU'iils, as well as mixtures of the oxuh's bni[Ue|ted or in other 
siiitulde form The Ibidiselm Amlin- imd Soda Faijrik ' propose non 
uxidi' liised with refraelorv oxides siieli as /ireoiua and m.ieimsM or 
with silieati'S .liuibert® su;,!;;ests the use of biupietti's of iron oxide 
u<imixed with tire-ehi}, pumice, maoiiesia. and small amounts of the 
ovules of manganese, eliroimum, rofiper, and lead 

Till' •'.IS (ibfaiiieil by the steam-iion process contains, after removal 
of smalt (jimutitie.s of earboji dioxide and bydroeeii suipbicle by means 
of liine [iunliers, upwards of per cent, of li}droj;eii With careful 

‘ S('( I S'rj, <■ hrni hill. lt»U 33 .US . jiNn 'i'a^lDr Imiu’lnal Hii'lrvyn. t*- mI 
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control a content of hvilropon as hiuh as 99’75 can be continuously 
maintained without consideraljle increase in cost of prodiictitui. Higher 
}>urity still, averaging OD-Bo-OD-O.') per cent of hydrogen, can he maiti- 
iained by extraordinary precautions ns to scavenging and by use of an 
elevated t'-mperature coupleil with frecpient aeratifm of tlie contact 
mass. Naturally this increases c<msKl«‘rably the cost of the gas owing 
to lo.ss of vicl<l, decn-ased a< livity of the iron duo to fritting, ami wear 
and tear of retorts at the high trin]H‘ra1ures. 

The main impurity of tlie gas is e.ubnn monoxide n'.sulling from 
interaction of tlie sttsun ami carlmii deposited in the iron during the 
reducing pha.se. This carbon results from the catalytic dccompi>sition 
of the carhon monoxide ^ in the jiresenec of non, according to the 
eijuation 

In llic steaming phase tins tnrbon facts witli the steam l<* foim 
carbon monoxide and dioxid«‘. tlic concentration of steam piescnl 
dctcimining to a considerul'le dcen‘<- tlic relative ipianlities of each in 
tln’ issuing gas. As stat(‘<l. the carbon din\idr is reinovi'd bv means 
of lime jninfiers or caustic-soda li(|iior. the (‘arlion nionoxnle passing 
on with the hvdrogcn. Since the carhon in the iron nias> i.., onlv 
incomplefclv decomposed hv (lie steam it gradually io'cinnuiatcs in 
the material and must therefore be occasionally removed Ity means <d 
a hot air current. 

The Bergius hydrogen process. The patents of llergius - relative to 
the manufarliire of hvdrogen bv the action of liipiiil water, at idevaled 
t<*niperatures and therefore at liigli pressures, upon I'arbon or iron 
disclose riTtain intere.stmg details us to the use of catalytic nccelenitor.s. 

Bergins found that, at a temperature of and at a pressure 
Huflicient to keep the \vut(‘r lujiml, carbon reacted almost cxc!iisiv<‘ly 
witli water to form a mixture of < arbon dioxide and hydrogen, according 
to the eijuatiim 

(' I lilloH V {'( 1 . , -Jil, 

The addition to the watiT of small (juunfilies of thalliiim salts was 
found to ])romote the reaction catalyticallv. 

Employing iron, the corresponding ri'action with !i«pnd water also 
took place at the low temperature of dot) Only in the initial stages 
of the reaction was heat reipiiri'd. the exolliermn'ily of the reaction 
being surticient to maintain the gas evolution I’rc.s.surcs of BX) 
atinosphiTOS or inon* were generated in the sy.stem and were r(*duce<l 
to the desired extent by occasionally blowing <>lf the gas through a 
valve into cylinders in winch the hydrogen could be stored alreaily 
compressed. Catalytic acceleration of tlie reaction vvas secured by 

* Kori-quililiriA. Ml-Bouil'iiJiiel. rfxt/, t30. UIJ , llln .wl uml \\ In ' !• i../ f'hnn. 
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<lis'!(il\ in;' 111 till' watiT iiciitnil Halts, ,is, f<ir i 'i.im[ili‘ himIiiiiii rliloridc 
nr .i<i(ls, iir li\ use nI ii)''t<il!ic inii|ili's sudi .i-. inm-i i'[i|a'r nr liv the 
liii'M IK I’ <if ,i via Olid nil t,il 'III h <is im ki I oi |ila(iriiini 

Till' I’uTKllIH iron-Vial'T lilnn's' allolild In' i||«‘,|]i atld useful for 
siii.ill-si,tle b\i!ro;.'<ii ]iriiiliii (inn undi r pri-s-tu.' uIkti .hi <'\|ii'ii.sive 
i'i|iii[iiiii’nt iH 111)1 |)ossil»|t Renc'iii ritiDji of till' lin(]\ dmdial iron 
itnliil iiii|»lo\i(] i.tii 1)1'I'fti (It li l)\ iiK'.iiis ol u.ilirjM' |Jii>c|u(i'r ^.'.is, 
III t ariioii .il lii;;li l''iii|)t'ial iiics 

Hydrosen productioo by catalytic decomposition ot hydrocarbons. - 

In iii'iK'i.il I In' H.ilui.iti d In 1 1 rot ,11 lion- w liei! '(ili|c( It il lo ,1 sullirmiitly 
i)i;ili II inpi i.iliin t|noni|K)sn mio thi'ti fji nu'iil' ilie i.irlioii licini' 
dt'|)osili (I 111 ail t \i ii'iin h fun' sl.itr of di\ isioii In dioKfu licino si in ill- 
liiiii'oiisK |iniihin'il ' Till' li‘iii|i( i.iiiiif iit|iiiii'd f'li ill I oiii|iosltion 

V, lilts will) |||i> ,(aliilit\ 1)1 tin tn|ii(iouiid Tliiis. nii'liniii. dissoi i.ifcs 
ia(n'll\ null .ii ijnti III I KKi li, lansiiun III a «-itii iMs iiiivtiirt’ 
lii'inn (\i(|,'inf tli.it at tin s||^||t|\ |o',\ct ti iii|ii mIiih ot u.ilri nas 
ni.iiiuf.ii I nif I In mIiiiiI\ ol dt i iiin|)osinon i, i oni]iai,ii n i I\ low On 
till' ollii! Iniinl ,111'tslini di(oni|)osi, ,ii niin Ii [oimu it iii|iri,ii mrs 
I’lilnl- I'lltilllio (It I ol|||ios|l lotl l)\ ji.ls,,|n, (|,|olU'li Illl’f- luMtnd 

iiiiImIU to 'idii SiiiK Inal n i\n|\(i| i]|)oti ilie di i tiiii|)nsil ..if 

.111'h li'iic, lilt' it'.itli'iti toiiliiiui's aiiloin.il II .ilK ulnii mi, e si,irri'il 
Tlll.s plot I ss I- Kt'lK I, ills ,lji[lll< ,lh|i' lo I'lidotlii'lllilt Inrlioi .illioli-. 

Nlllllt'loll' [I.llt'llli'il )I|0(I'SS('S I'XIst lor till' jilml'n I'OII ,|| lis (lioncll 
I'S tills tiinlliod tin v.iii,iliiiiis lit'iiin, m |||i> in.iin nn >dilit .i I mu, |i)r 
I lie ltd It r o[i('Mlniii III I,'I Imit al [iia< Inn Tim- i In' i .nlintuiiiii ('o , 

of l'’iiniliii hsli.isdi li.nc di'(oiu|>oM'i| . ... r [in'.'Uin l)\ 

r'Xplo'ioii uiili an t'li'ilin spaiL 1 In lisilroL’en olil.iiinrl i, of Imdi 
pill it \ a ml lias lit'nti i iiiplost il loi llie (illmu ot /r[ipi Im, TIi-' i ost 
is liowi'st'i siinit'U liat I tuisiilniaitli unless iln' l.iinp M.n k i.iii lie 
in.llknied Till' pi I s,urns niiiplos ei I iiias lie .n mm I, ,|s t, .it iiiosphel ns * 
Tim lint oiiipositiim ol llm liiilil pelioleiim Inilim ,iilimi. j, tin- 
.siili|i'i I ol palniils li\ Lessinu ' ,iinl ii\ I’n |e| ' ui si Im h ii mpi r.iiurns 
tiolll Itltt'l id', (I ,ire sll'.'et'sled |( Is I ,| )\ loll- | liat ll'l lllllial 0 [)n|,lt|nll 
.il sill 11 |||o)| )|,.,ii. Is a iii.iMni ol 1 oiis|i|eiat,l, tiitlii nils am! it n not 
sill piisiiie I hat extended .ip|»lii al I'm Ids iml \ 11 In cn lei mdi d Ret nut 
work <111 the tratkinn ol ImasuT lisdrot aihoti lapmiis suli dmiliflnvs 
( otil III, life LTi'illls to I lie di'Selopilh'in of td'llllUpit' III 1 Ills (It motion 
To liiiiin ainnit till' dni'i>in|iosiiioii ot inliroi arlioiis at lower fi-m- 
pi'r.ilnii's iiiloi,i< non ssilli stoani has In-nii cinplostd Itoth wilh amt 
willioul oiilalstii lonfaet iidtniial I’lntetprodmns thin oarhmi 
momnuin and lisilionon from Inilroi .irlioii sapoiirs iiiul steam at 
hieti it'inpi'Miums Tim IkidiM'lm \iiilin- mul Soda-l'kihiifc ' siinne.si a 

' Slo.i in,I .Vlliiuoi /(., I'tii; 40 -'I u 
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rofractorv (ixitlt' a'^ ma^iH'sia inipH'^nafi’d witli nicki'l (jxidc us 
c'atalv>t for l]ii> |tfoct‘';>. at a t<on]>(“raniro of l)ion«‘iil»afli and 

Mold<‘n]iUUcr ^ as (•alah^t who iian/i‘ of tuokol. (‘(»halt. plalinum, 
ol< . f<»r tlir saiuo R'actmii. t-nsurinii !*\ llii‘ onjplttvniont ol tlio catalyst 
iti '^ucli a \cr\' short titiic of cuntact an«l ti;crcl>v a sudden <‘onlini; 
of the react KOI prodtnts In this way. ii is ciainied. t ho carhoii dioxido 
formed has little oppi.rtunit\ t" he reduced to carlxoi monoxido At» 
imporiatit stud\ ot the main reai tions hu ol\i!i<^ tlio moth.ni<‘otjui- 
lil»rium, lor example. 

( Ii, . ::i!,(> t'o. ^ IM.. 

('ll,, \\J) ('()“. 

Inn ri-(oniI\ hem iMntpleleil- 'I'his slioiiid prove useful in the 
tlieoieiK'.d siiid\ oi this imp<oIaii1 techimal piohhon 

Coke lemlmed wliile hot h\ an .iti lilast ha.s been prnjMvsed l>y the 
lleilin \idialiis( in- Masehiiienhaii \ (1and h\' I'ltlls as i onlacl 
mai«'tial l<o th, piodininm ol IndioL'eti fiom parallin indrocarhons 
It should he po^^dhe with tin- aid .alakln c(mla<-t mateiial 
hum: ahoiit the dh.'I.h tiioi til Intitoeai l“ 0 !s witli Ciirhmi tlioM'le to 
\ lehi t ai Inoi lltolloMile ami In (lionet l win IK e pure In <iro,eell colt 111 lie 
nhlaiind h\ [ij.,, .-s-.cv .h-.eidiei! ahn\e With niisal Iiraled Indro 
caihiois this Is appatelitU not dlllic'ilt \ .solution of the pioiilelil 
with tlie lowei p.iiatlnis -should \ u'ld to a svsjematic se.ircli ho siiitahlo 
ealaUtie maleiial 


Ih i.mo,i \ \iio\ 

The s\stematic iinestnjal noi o! llie prohhon td In <lroi."’tiat ton was 
undeitakeii .It the close nf the mmltehlh (entui\ hv Snhaliei and his 
CO workers, of whom Seinh o in non pi iiu ipalU he nnoit non d Isolated 
ohser\ at tons Inni tM r Ino' iieen mai le and ret orded t oin ermiiL' in t erai t ion 
of suhslaiices witli Indtiej. n m the jiresence oi a cataKtn material, 
(lenoraliv. tinelv di\i<leil platinum win the auent emphneti Its 
a<'tt\itv in pionioline osni.iiion as maiolesfed in the ea/lv work of 
Davy iirnl Dolno.-mer had h d to i|s trial in maiiv oiIkt dirn lions, 
soim'time.s with su<'.'ess 'I hos, t le- i atal\ tn r< dm tnoi to atiimoma of 
oxides of mtroeeii h\ mi-aii' ol h\droj>en in tin pres.-me ot pialriiutu 
spojifie was leiorded In’ Kiihimanii in Ii'-.k'' ' ( areiiwtnder ’ showa-d its 

catulytn clTeei in promotinc lie- < <tml>iii.itioi) ol hvdro[.ten and iodrm*. 
Ajiplied to oreanie I'-ait iotis, it was oljserv ed hv Di’hns ' that plat i nil in 
hlack assisted the redmtion oi hvdio. vann mid to im-t hvlaimm-, and 
that i‘th\l nitrite 4ouid lie transformed In- means ol hydroi^eii into 
otlnd ulcoliol atid ammonia Tln‘ lataiMie addition of hydrogen to 

' l> K r 1‘fMa 

,\fUm,JTin aii<l .1 e '>*1 h.hllr*j<hi 
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iin.siituratoil liydrofarlions and tliotr transfnrmatKni tu satiirat<'il liydro- 
carlKnift w-h dcrnoii.st.raL-il iiy !)*■ Wilde in IdTld jilutmiim lilack bfing 

<'|iijiln\e(| UH agent 

15V' tlie n'scarclii's of )Siil>aticr and Jii'i ii.\'<istaiii-< tlic c.il.ilytn' method 
of Itydrogeiialion Iiiih bcni geiicrali.si'il Krom omvari'L, m a 
wiKCesMion of r(‘hi'ai('li(‘H puhlivlicd in ilie Voii>jilfs n’ndiis of tin- PiiriH 
Aiadi'iiiy of S( i(‘iu<'S, by .systeiiiatie ii|i|di('ation of flie piin('i|)|(‘ to the 
nioht divcrui' orgaiin materials and emiiioying \iinous met.iKaseatalvtie 
ageiilH, file wall- a|)|>!ieal)ilitv of liviliog<oia<ioii lias been iiuide eh'ar 
The real tionn liav'e been studied gencrallv in tlie v.ijioiir phase, volatile 
organn l)(|iitdH Ik mg for the most pari the maten.ils emploved m the 
iiivesligatioii Kiik Ij divided inetal.H have foimed the (alalvlK' agents, 
and, of these, iiieki I, obtained fre,>,hl\ from tlieovnli' b\ redmtnm has 
proved to lie the most elln lent The other eh'iiienfs w bu b have loiiiid 
ap[dieatioii are (obalf, iron, lopper, pliitiniirn, and the platinum iiietaN 
L'eiieralU 

'I'lie simplidtv ol the sindn.s utrried out bv Sab.ilier ami bis 
collaboraloi.s ih sliihing 1 be pioi ediiie i oll^|sled essi nlialb in ]),is?,iiig 
iiydiogi'ii, udiiiiveil with v.ijioiirs ot the materia! to bi' iii\estigafed, 
tliioiigh a liibi' emilaliiing the tnielv ilivnb'd (al.dvtn ayeni ni.nnt.uiieif 
at a (oiitiolhible ti'inperatnie, the piodin is ot leai lion bi mg 'iiiiablv 
(ollei lid on emergein e liom the heated tnlie 

It was found to be essential that the livdiogen empiovi'd should be 
(oniph'teh flee fioni all ini['iirities Trai'es ol sidphinetled livdioeeii 
of [iliospbiiie, arsine, and li\<irogeii i'li!ond(‘ ume found to act as 
eal.ilv st poisons Ilvdrogeii, rdil.lined bv eler I lolv sis and .siibserpieiil |v 
Ireeil from luces of nwgeii and inoisfim', was ibiTefore largelv imi- 
[iloved, siiii'e b\ this proeess the other iiuplinlies could leaiillv be 
,l\ olded 

The preparation ot hydrogenation catalysts. Apart Irom ilm innity 

of the mateii.'ils I'liiplovi'd in bvdrogeii.ilion proressi's, ihe mosi im- 
porlaiil fai tor m the t ondin t of sin h reaefions is l he pie[)aration of the 
latalylie agmil m a foim smt.ible for use and ol sulheieiit aetivity for 
till' purposes ie([iured ('(‘ilaiii di‘1ails relative to the [ireparation and 
propeilK's of siK li aueiils are tlierefore apposite 

Nickel, ('araivtn niidvel is the most import,int member of tlie 
gioiip of livdrogetialion ealaivsts It n nnnnallv [irep.ired liy rediii- 
lion ol tm ke! ii\ide bv hvdiogeii, an (rperation wbn b i an frei[tieu(lv 
111' cairied out in (be re.u'hoii svalem TJie o’ciile omjiloyed simiihi be 
free, as fur a.' possible, from the liaiogeiia and suljilinr-iont.aining eoin- 
poiiiids, siiK't' ait these are c.ilaivst poisons Hence, where e\[Hmse is 
not involvisl, the nitrate or an organic salt (d nickel forms a suitable 
starting-point Im the pri‘paratioii of the oxide The .sulphate and 
clilondi' an* llm ehea|>es( salts of nickel Wlieii these are used the 
oxide IS prejuired liv ignition of the hydrous oxnio olitained by pre- 
‘ lirr . 1S:4. 7, .I'l-' 
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.cipitAtion from solutions of tho salts, followed by a thorouph washing. 
In sdihe cases the carbonate is precipitated. The washing of such 
precipitates should be continued until te.^ts ijulicate freedom from the 
anion (»f the nickel salt and the cati<ui of the jirK’ipitating agent. In 
the prej)ariition <d nickel sufiported on a finely divhle<l support material 
the jirecipitation may be carried out in {>ri-.S('nce of the .snptiort. cy. 
kieselguhr, and the support-preeipitafe mixture wasluMi tiigetluT. In 
this way good distribution of the support mav be obtained, 

For nickel catalyst on coarser suj)port niafiTial. such as pumice, 
(liatomite brick, and tlu' like*, the most convenient procedure is to 
impregnate tlie support with a hot, strong .solution of tie' nitrate* 
preliminary r-xpennient will indicate how niiieh Inpiid a given .sainph* 
of support material can take up t(» saturation, and this ratio of support 
to Inpiid .shoiihi he used. A eoiieentration of lO per cent nickel in the 
final tuoduct makes a good supjioited catalyst, and tins tigure deter- 
mines, fheri‘f«»re. the concentratuui of nitrate lupior emploved To 
ensure thorough impregnation of the support it is a useful practice 
to heat tlie siijiport abovt* l()(l (' atnl immerse j( \s|iile still hot in the 
mcke] nitrate .soliitnui. 

The ealeiiialion of the mtiale. orgaiiK- salt, or impregnated supp(»rl 
to \leld Ii\nle ma\ be enlid.ietrd m a easserofe o\er .1 flame which will 
not pcriiuf too iiitiUisi* eahanation The aetiini temperature of eon 
viT.Mon to (Aide ]s not a matier of great moment, the suhserpieni 
rediielioii temperature beiny the deei.'-ive factor. Some dalu on the 
('fleet of ealdnation leinperat iiic on the pnaliiel have l»ecn reeoided 
by llrowii and Henke* Tliey siiger^t limiting the lempeijiture of 
Ignition to loU . as .sinteriiig a appie» ial)le above (('uijicrature 

The prc'icnce (tf small aiiioiiijis of |»r(»inoteTS in nn kel ealalvsls 
invariably facilitates flu' pn'paralioii of an mfive material, and use of 
these materials can he p'lierallv recommended botfi for siipporled and 
Un.sup])orted eafaly.sts. ('eiia, thoiia. and alumina are .stnkinglv good. 
M('dsf(jrth “ has n'coideil test" of iiianv materials as promoters Tlu'y 
help to profliK e a more porou-- o\ide and a mon* aetise metal A<’tual 
concentrations of prom(»ter can no) be l.m! dow n general Iv. but (plant it les 
varying bi'twcen (>••') and !o per (S'lit of the nickel metal are ellieient. 
They may lie introduced Jis nitrate,s mfo tin* nickel .solution 

Tile temperature of n'ductioii of the oxide is the decisive factor in 
the pn.'jiaration of a nickel catalyst Quite geiicr.illy it may be stated 
that the higher the rc'duction teiii|K‘ratiire. tlie less active will the 
resulting catalyst la* Supported eataly.sts an* le.ss sensitive to tem¬ 
perature than the un.supjairted material. For the lati(‘r a reduction 
temperature of 350^ (h should never be e.xcceded. and ihe hiwer the 
temperature of reduction the more activar the jiroduet. alllioiigh the 
longer is the time consumed in tin* reduction [iroce.ss. A temperaf iin; 

» ./. VhiHical rhtm.. I!t22. 26, lUl, 272. :12I. GJU, 71.' ; 27, .72. 
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of (' proliably reprcHciits a ha})]jv moan botwcon tlio conllictitijr 
fiictorn for the prrxluchon of a (.xtalysf. of hijili .utivilv Snpilbrted 
niiit<'riiils iJo iiof rctluci" so readily as uiiHiijipor(<'il (afnlysis, and a 
temperature of 3 r)tC (' ean be used with eipianimitv Where extieine 
af tieity is not retjmred, redurtion <d siipporteil rnalerials rniiv be earned 
out as Infill as 45 (r-:W (' j’romoted (atalysts, liotli supported and 
unsiijiported, are very mildt less sensitive to oveilieatlilt; in the 
ri'diietinn proeess tliaii are latalysts coni])osei! ot ne kel .done Win'ti 
rediieiii;; at tlie lusher teniper.ilun' liiniis. it is eood eeinu.d |ioliev iii 
eatalv.sf preparation to iisi‘ ,i reliilivelv simv sfie.iin of reilm nij; e.us 
Nli'kel ealalvsls niii\ lie prep,iir>d 1 >V diret I lediu tioii ol fli<' i v.uiide ' 
and the dilonde- with hydrogen Tins hitter nietlioti is rmnaik.tlile 
in view of S,ili.j|ier’s ohseivatioii that tin' baloeeiis .k t as jioisi.iis Ir 
merits fiiitlier lest of tins f.ulor Kelber slioneil llnil tin- s,inii' 
laelors ns rej;aids leduetioii teniper.itnre and .n livii v oper.iled in the' 
rediKlion of the cyanide as have alieadv been l.nd down for o\ide 
lediK lion 

It .slioiild be borne ill llilld that .1 (alaivsl c.iiinol in “eiiei.il lie 
raised above the leiiipei.itiire rif reilinlioii vvillioiit loss ol ,ie(i\ilv 
Tins IS espeiialiy true of niisiijiported i,il.dv'l> It not'l be unnem- 
bennl, 111 the (otidliel id ni.ilkediv e\ol (iiTliiie le.nitoiis j|i,il tlie lie.lt 
of re,let ion i.iisi's I tie li-inpeiatnii' ol I tie i .il,d\s| m spot' i oii'-idei.iblv 
aliove the (einperntnre reioided on the niea'iiiii"j m^itnnienl used 
.iiid Slid) lot alised hot -spots diiinmsh (.il.ilv f n .n tiv ii \ I'he pio|oni;e(| 
i-tiei I ol e\ en itiodei.ile leni|ieraf Hies is .iKo to iMlisfot in 1 lii' i .if.dv st 
to a more eoni]).n'l tna.ss with a usiilhiio dec iimvc hi elln n in \ 

Copper. V eoppel ( .Italvsl |x le.iddv plep.iied ill .ni .letive ( ondilion 
l)V redlldion ol the oVlde Ul low |em|ieMtines W hal h.is heeil ''Jlld 
III the [Iieunliil^ p,lMeia|)hs id.itive |o prei aillloii- a' |o poisoio. 
met hods (it o\iile piep.ii.ilioii ,unl support ni.ileiuds i-. a[iplKable ,dso 
in llie lase of (opper ll must be |i,iil a iil.idv empli.isised however, 
that the [irodinlioti of an jhIivc m.iteri.d |s e^pcdallv depeinlent oii 
the lem[ieratmi‘ of nslin tion ol the ovide l?v lowei iny i he h nijier.i- 
tiire ol lediielioii of a en eii sam|ile()f c oppi rovide fioin ’Jdt (' lo r»U' ('. 
a livefold MK lea.si' III I lie .idsoiptive rap.n It v ol 1 he result,ml ( oiipiu for 
livdrofreii was ai liieved ,iiid .i eoi responding nn re.i^e me.il.dv tie ,ii ti\it\ 
was si'ciinni'* -ail aefivifv far siipermi to tlmse reeordeil bv Snli.dier 
foi copper ealalv'sts A t('Tii[ierulare of l.'id (' represents an niipruc- 
tieiibly low teniper.itnre of rediielion of leinled Copper (Hide, the time 
retpured for reduction beiiio several davs, but ,i reduel ion temperature 
of 200 '' (' (Mil be einpioved with (piite yood result' Thus iVase < 
found that such a eataiy.'f could he used to int'a'ure the rate of hydro-' 

' K.llur li.r. i'ljl, 57 I 1(1 I 1-’ 

^ K«lil( iiIs'h; UII'I Kimr, ' |•h•|•i'ol CIkm I'I.’I 2 o s'i 
^ lioli.r, Mmleeti W !■« ti'Iii 1 ''.M 
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gonation of •‘tlivlmo at 0*^ C. Tho s<*n!^itivity of tho product to t)u» 
reduction of teni|)craturc is pr()hai>Iv to Ix' ascrilicd to the oxotlicruiicity 
of the nsH-tioii. Sl<tw rates of hydrogen gas passage are therefore to 
b(' recoimnended. It is a good plan to initiate reduetnni of copper 
oxide at a teniperatun* 50 (h*grees ii}u)ve the chosen rednclion tem|)era- 
turc, aiifl. after t)ic process has started, to lower the ternperalure to 
that <-}iosen. (’onsidtwahh* ecoinnnv of tune is therehv secured, as 
rediKtion occurs more rapidlv at eopper i-opper oxide interfaces.* 

(’atalv.sts so pr<‘pared are iisefn! tuilv for reactions occurring hclovv 
the reduction feinperatnn'. Brown and Henke* fouiul that a copjier 
eafalvsl prepiue<i Itv ignition of the nitrate at 115 (’ ami reduetion at 
3M ’ (’ ua*' ellii lent in tin* rediu'tion of nitrohenzene alxuif 2<>0’ 
hut ileferiorated rajudly Thev found, however, that a catalvsl pre- 
}iar(‘(j from the nitrati* hy ])recipitatiou of tin* oxide with sodium 
fo<lro\ii|e \\:m nufre rohnst .ind less .><ensilive to temperature a faet. 
recorded earlier hv SaliatuT. .\ppareMtlv the ]>rodurt is a promoted 
catalv.sl owing niggedri(‘s> to traees of adsorlx'd alkali remaining in 
the maleiial. Some lin e'lligalion.s of promoted copper catalysis 'ihould 
he made. Bnleai and Ilnrsl have shown'* tJiat eopper-O-g per cent 
palladium (atalv-'ts are superior lo copper in llie preferential coin- 
ImslioM ot carbon inoiirnxxh* m livdr«»gen-o\vgcn mixtures, Brown and 
Henke .stale that sinall amoimis of iron m the eopp(T oxide are lieiie 
fi<'ial. Brown and Ihuike aKu sludn'd sn)»porli‘il copper catalysts, 
n.sMig jiiunice and asbestos h'or shent periods in the n’dnction of 
mlrobeiizem*. pumice wasthe Itetler.and both were betlerthaii straight, 
copper. For long runs the copper aslx-stos wa.s superior. 

Iron and cobalt, (’omplete re<luc llon of the «nxid<'S of these metals 
can only he n'adily acciunphslied at much higlier letnperatnre.s than are 
emploved ill the case of iiick<‘l and copper oxides. Conseipieully the 
catalvsts show much greater leiKhnay to sinter. It. is therefon- to he 
recomminideil tli.il the.se catalvsts be iiKe<l on a support material or 
a<lmixed with a ]»romoler, .\lkalis, (cria. flioria. and alumina have 
been Used for pronioteil iron catalysts witfi gixxl snc.ci-ss. 

(’alcinatloli (d cobalt nitrate i-an be conducted at UK)-450" (!, 
Reduetton of the oxide at 4(Kj (’. for lour hours gives an ar-live catalyst 
which still contains large (piantities tif oxide. Kcduclioii at OtK) -7tK)' 
is necessary for <‘omplete reduction of tli<* oxi<lf*, A sujtported cobalt 
oxide can be reduced with safety in the tempiTatnre region of 450"- 
600'" The reduetion of irmi oxide at 40o‘'-45O' (' is slow, but an 
active catalv.st i.s obtained even when consnh'rable amounts of oxide 
still remain in the contact mass. 

Platinum.— l-'nsupported platinum i-atalysts may be obtained in 
the form of platinum sponge, platinum black, jirepared by two different 
methods, and as colloidal platinum. Platinum sj^onge is preimrcd by 


* I’cafie aixi Ta)lor. J. Amfr. (.'hem. S'tf., 11)21, 43. 2171). 
2 Cl). * J- 




gentle ignition of ammonium cfaloroplatinate and is tlie least active of 
the three forms ' 

A variety of methods of preparation of platinum black have been' 
suggested, One method )$ essentially that of Loew * and of Ji'Iond, 
Ramsay, and Shields,^ which consists in the reduction of a dilute solution 
of chloroplatinic acid by a solution of sodium formate, followed, by a 
thorough washing of the precipitated platinum A modification of 
this method employed by Willstatter and Waldschmidt Leitz^ has 
been tested thoroughly and found to give excellent re'-ults. 

Adams and Voorhees* claim that a much more active platinum 
black than that propaiod by Loew'.s method is obtained by fusing 
chloroplatinic acid with an excess of sodium nitrate When the, 
cooled melt is washed with water, a brown oxiili* is obtained wliich 
turns black during the actual hydrogenation .Adams and Voorhees 
think that this is a black platinum oxide winch lo.ses much of its activity 
if complete reduction to platinum occurs, since the catalyst which has 
lost its activity may be revivified by shaking a .short time wilK ait. 
Adams and C'arrotliers ^ have found that in the hydrogenation of 
aldehydes the activity of catalyHt.s .so po'jiared is greatly increased by- 
the ])reaeiicc of ferrous salts m ilic reaction .svstftn An ojitiinum - 
concentration of O-tKKil mol of bwroiis .salt per liKi cr of aldehyde 
reaction mixture w'as obtained 

Colloidal sol catalysts.- Colloidal sols of ihe metals platinum and 
palladium, dispoised in various .solvents suefi a.s water, alcohols, 
acetic acid, or hydrocarbons, are now gener.ill) cnijdtiyed for the 
saturation of unsaturated organic substances m I lie organic chemical 
laboratories The simple sols |>repnred by electru dispersion methods 
or from the double elilondes by reduction to metal, with iivdrazme, ' 
hydroxylamuic, or formaldehyde, are too sensitive to loagulation and 
jirecipitntion by electrolytes to render tliem of any great utility, and, 
m consequence, protected sols are gimerally employed 1‘aa! ® first' 
employed as protective agents two degradation prmlucts of egg-ulbumin,' 
firotalbinic and lysalbinic acid ^ Albumin is gently hydiolysed with 
caustic soda and the protalbimc acid precipitated by the addition of 
sulphuric acid to the point of neutrality The filtrate is evaporated 
to a small bulk, acidifiod, and the lysalbinic acid precipitated is 
punfied by dialysis In order to prepare an active platinum or pal^ 
ladium catalyst a dilute, solution of a salt of these metals la added to 
a solution of the sodium salt of the protalbimc or lyaalbimc acid, the.' 
metal salt being precipitated from solution The platinum protalbin^’ 
ate is dissolved in the smallest possible amount of caustic soda, thft 
solution diluted with water and punhed, as far as possible, from o.xc««j 
* MJer, 1900, 83, 2811 * TAiJ 1893,1S8*, ll>7 * Co.1921, 54. lla 

* J Atfirr, Chm Soc . 1922, 44. 1307 
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* ilor. 1004. 87, 124, 1903, 31, 1308, 1908, 41, 2273; 1909, 48, 2239 
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;)»lkali by dialysis. On warming the aolutiini with a few drops of 
^'hydrazine or formaldehyde a stable sol is readily obtained. 

Skita* suggested the protective colloid, gum arabic, as a sub¬ 
stitute for the protalbinic and lysalbinic acids of Paal. Since tho gold 
numbers or protective powers of these protective colloids are prac¬ 
tically identical,* platinum and pallailium protected by gum arabic 
are generally employed, being more readily prepareil than Paal’s 
products. Other protective colloids which may be employed are 
■gelatine and occasionally dextrine or starch. The two factors to be 
considered in the preparation of such protected catalytic .sols are 
stability and edicieucy. The stability will be dependent on the degree 
of protection afforded by tho colloid, moat readily determined by the 
gold numbers. For example, for the above-mentioned protective 
Colloids the gold numbers with gelatine as standard are 


Colloifl. 
(iiolatino 
Albunun 
lioxtrinc 
.Starch . 
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The efficiency of the catalyst will evidently depend upon the. dispersion 
and the extent of active surface. The addition of a protective colloid 
to a disperse platinum sol results iu the diminution of the active surface 
and an increase in the stability. The inhibitive inlluenee of protective 
colloids on catalytic processes was first demonstrated by (Jroh * and 
examined m more detail by Kideal * ami tredale.'' Iredale confirmed 
the <iata of tlroh that protective colloids cut down the catalytic activity 
of the sol, the inhibitive numliers of the various colloids lieiiig approxi¬ 
mately the same as the gold mimhers, whilst. Itideal showed that there 
existed an optimum coiiceiitratinii when giim arabic was employed as 
protective colloid, the collotd being added before reduction of the 
inetal salt, being 2 milligrms. of gum fur every ID intlligrms. of 
platinum or 5 milligrms. of palladium. Kocosolano ® uhtaincd data 
on protecting a platinum sol prepared by IJrcdig's method with 
various protection agents, which confirm Iredale’s observations. 

If but a small amount of protection agent be employed, not all of 
the amicrons of the metal sol will be protected, and, on the addition of 
kn electrolyte, these unprotected particles will coagulate with a resulting 
decrease in catalytic activity. Increase in the protective colloid con- 
’eentration will effect a peptisation or redispersion of these. Evidently 
ihc optimum concentration of csilluid is such that the sol is prepared 
•jn as disperse form as possible, but protected to the smallest extent 
:pompatiblc with stability in presence of tho reactants. It may be noted 
, « 

) ‘ Bir., mil, K S80S i 1912, 46, 1627. 

Uortner, J. Amer. Ck*jn. Aoc., 1920, 49, 695. 

, • ptfiital. am., 1914, 88 , 419. ‘ J. Amer. Otm. So:., 1920, 43, 749. 

4 J. Citm. 8x., 1921, 49, 109. ‘ C'ompl. nM., 1921, 179, 41. 234. 



' 246 CATALYSIS IN THEORY AND PRAC,?1CE" ch 

that a concuiitration of one part of gelatine in a million of water may 
just be deteofod by this method of catalytic mliibitiou If Bredigs 
electric arc platinum be employed, the sol i.s relatively coarser than 
that prejjared by the reduction of a soluble platinum salt in solutiou, 
and oonseijiiently the disjK'rsive or jieptisiiig influence of the protective 
colloid IS not so marlfed 

A protected colloidal sol formed by the dispersion of an intimate 
mixture of the metals from a solution of the mixed salts is more effective 
both in respect to stability and efficiency than an equivalent sol of 
nther of the pure metals This is indicate<l by tiic foIlovMiig ajqiroxi- 
nate times for half completion of the hydrogenation of equal weights 
)f sodium phenyl propiolate in solution * 
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Hydrogenation in the jncHenci- of nictallk titav con- 

/oniciitly be classified, nceoniiiig to Sal)a1ier,- m llirei' groups 

(1) Ueduction.s with siniiillaneoii.s lixafioti of hydiogeii 

(2) Fixation of hydrogen by unsiitiirated (ompoiind'. 

(3) flydrogeiiiitioii with uccoinpaiiyuig rupture of the tiioleeiile 

A resume of the tyjncal I'.xamjiles of these tliree grmqts, as eited by 
Sabatier, is given in the following, together with a fuller (le.^e^lptlon 
>f those reactions having a more technical signihcaaee 

Keui'ction.s vvri’ii Simultaneous Fixation of H\iuiookn 

Oxides of nitrogen. Nitric oxide is readily reduced m jiresenec of 
itckel at WfF with formation of ammonia and water, the equation 

^^*"8 2NO+5Hi-^ 2 NH,h-2H,0 

riie ammonia formed has a tendenoy to combine w ith uiielianged nitric 
ixidc to form nitrogen and water • ^ 

4NH3 + 6NO —> riNj + bHaO 

This reaction is of importance in the process, elsewliere discussed ' 

' Buiesl. Traiw furad Hoc, I&23, 19, t 
’ La Vatalj/ne rn ciwiu orytmujut, I'MS 
' Sabatirr aod ScndcKni, r«W, 1002, 13S 2T8. 


('<)iii|ii>sitl<»i 

MilllKriiis IM I 
ill ' 
1 

ti2 
0 I 
(Mil 
0 


TittK oi Hall ! 

( Otll|lI(IIOII I 



■H|lrR 06 ^N lND;fiYbl^'MAlSOir^^ 

(p. 169), of ammonia oxidation, as its oocumnoe in tlwit process may 
diminish considerably tlio ofticicncy of such catalytic oxidation. 

Nitrojien ])eroxide is reduced by hydr(»} 2 en in presence of nickel at 
18(1'. The ammonia formed interacts witli unreduc(‘d oxides, and 
ammonium nitrite and nitrHt<‘ are )>rod\U'cd. Further hydrogenation 
yii'lds ammonia and water : 

‘JNOafTIli ->2NH3i4H,(». 

With lugli concentrations of nitrogen peroxide tlie reaction is very 
energetic, producing incandescence in the neighbourhood of fhe contact 
ma.ss and fretpiently giving rise to oxplo.sions. 

Snnilariy with the vapemrs of nitric acid, at ammonium lutrato 
is jmxluced, whil.st at 350'’ nitrogen, amnnmia, and wati-r are the 
reafti(tn products. 

Organic nitro^compounds. Tin* aliphatic nitro-compnimds are 
readily livdrugeimted wit||i nickel to tlie 4-orrcsponding amine, 

UNO, (31!., i 

but Hi more elevated temjieraturcs the hv<lrogenatjon may jiroceed still 
furilxT. Tliu.s. mtromethane yields incthylamme, but may partially 
yield nn'tliane and ammonia : * 

( iiyNo, i ni., Nil, 

Similarly, aromalh- iiitru-eomjHininls yield the corresponding amines. 
Furtlier hvxlrogenatitin at Inglier Onuperatiin'S yields tlie aromatic 
liv’drocarlums ami ammonia, whilst mon* elevated lemp^'ralnn’s of 
reaction may earn* tin* liv»lri»geiuition (d lije aromatic hydnu-urhon yet 
further, yieliling nn'tliane. Tims, in sueee.SHive stages, nitndM'nzeiie 
will vield aniline and water, tlien ben/ene. ammonia, and water, and 
with complete hydrogenation met hams ammonia, ami water By ^■on- 
trolling tile temperature tlie two lattiT reactions may be prin-tically 
aujipressed, and gootl conversion of nilrohenzene to anihm* ol^taiiusl.* 

Aniline.-- The vaj)Our-})has<‘ re«liiclion of nitrob4*n/.ene in presence 
of contact agents ha.s boon exhaustively .stinlied by Brown ami Henke.^ 
They find that with nickel, and with eol)alt (smtaining small amounts 
of nickel, the reduction proceeds bevoml the anilim- stage, ijenzene and 
ammonia, and even methane and ammonia, being produced. With 
carefully controlled conditions, however, 95 per cent yn-lds of aniline 
could be obtained. No azoxybenzeiie or azobenzene is proilueed, With 
copper ami silver tln-re is no reaition beyond the anilim* stag**, nor 
is azoxybenzenc nor azobenzene j)roduced. (Jopper shows a great 
tendency to sinter, however, with iis«i; it should be prepared with an 
added promoter if it-s life is to be ])rohmged. l^ea*! and bismuth 
to be the best catalysts if it is desired to stoji the reduction at the 

* Compt. rend, hW2. 135. 226. * S.-«)<Kr<*nH. K.n. ni26l,V'l90l. 
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woxybcnzene or azobcnzene stages The yields of these partiallyii 
reduced products progressively decrease .as the catalyst is used. This' 
appears to be due to oxidation of the catalyst metal, and the activity 
may be restored m part by reduction m hydrogen Thallium gave a 
90 per cent yield of azobenzenc at 260°, but the activity diminishes 
rapidly, probably owing to the metal melting Antimony, manganese, 
and chromium were found to have some catalytic activity, and the 
same was true of the lower oxides of molybdenum, vanadium, uranium, 
cerium, and tungsten, the first two being the most efficient in this 
group Alumina showed a little activity, but commercial tellurium 
and the oxides of calcium, barium, and silicon showed none 

More recently ^ the same authors have shown that tm is an excellent 
catalyst for the reduction of nitrobenzene to aniline It is superior to 
copper at most rates of gas passage It is superior to nickel at all 
but the highest rates tried The catalyst is best prepared from the 
hydroxide by precipitation with sodium carbonate from a stannous 
chloride solution Oxidation of the hydroxide prior to reduction in¬ 
creased the efficiency of the resulting catalyst, the lower the tempera¬ 
ture of oxidation the better the resulting catalyst The lower the 
temperature of reduction of the oxide the better was the resulting ■ 
catalyst This catalyst is here mentioned in some detail because it is a 
new-comer m the ranks of reduction catalysts It ivould be interesting 
to know wliether it i.s a hydrogenation catuly.st or wlu'ther its action 
depends on alternate oxidation and reduction of ttu“ catalyst 

On the techuicnl side tliere is some evidence that vapour-phase 
hydrogenation has received serious consideration The patents to 
Legge and Adam ^ indicate that a copper catalyst is very efficient, 
conducts heat well, and can be regenerated Copper oxide is fused, 
cooled, and broken to size. Uydrogoii or water gas in excess is mixed 
with the nitrobenzene Quantitative yields are olttained at 230° C The 
Badischo Amlin- und Soda-Fabrik suggest^ also a mixture of carbon 
monoxide, steam, and nitrobenzene with a copper catalyst They 
claim also the use of promoters such as the oxides of the alkali metals, 
phosphates, silicates, tungstates Brocliet * has suggested the eatal)1ic.‘ 
reduction of nitrobenzene in liquid media in presence of nickel 

The huge quantities of aniline which to-day are employed lu tin 
organic chemical industry are produced by the reduction of nitro 
benzene. For industrial purposes practically exclusive use is made oi 
the method due to Bcchamp,^ which consists in reduction of the nitre 
body using iron and acids. Acetic acid, the original acid employed bj 
Bcchamp, is replaced by the cheaper mineral acids, In the reaction, 
which is frequently formulated by the equation 

CgHjNOg+3Ke + 6HC1=CjHsNHj + 211,0 + SFeCi,, 


1 J. Phyncal Ckm , 1923,87, 736 
* F P 6U266. * b P. 16836 And 33623/1613. 
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it ia found that much smaller amounts of acid than correspond to tl 
stoichiometric rclation8hi|)s are required. Indeed, hydrochloric acid f 
the extent of 3 per cent of the theoretical n'quirements is found to I 
adequate ; in certain cases' ferrous chloride tojin equivalent amour 
is substituted for this hydrochloric acid and, in presence of iroi\ an 
water, a clean reduction of the nitrobenzene occurs. It ia therefoi 
obvious that, in this case, it is not a question of simple rc<biction b 
means of hydrogen. The operation as conducted show.s catalyti 
features. No single explanation of the mechanism of the process a 
yet finds general acceptance. .4ccording to Witt' the ferrous chlorid 
is converted by the reduction process to an oxychloride, wliich the 
interacts with the iron to regenerate ferrous chloride, and to give simul 
tancously magnetic, oxide of iron, FcjOj: 

fih'eClj + O^HjNOj + H.jO - SFeOCI* + (VH5NH*, 
tl’eOt.'l, t Fe - -y Fe('ljs+ FcjOj. 


The sum-total of the reaction could then be expressed by the equatioi; 

tCeHjNOj + 'JFe t 411,0 itVIsNHj t aFe/),. 

According to Wohl * th(‘ finely divided iron in conjunction witli wate 
forms the reducing agent 


CjrsNOafSKe-i 41J/) - > tV.n,NH, t 2Ke(0}l),. 

Wold assumes that the ferric hydroxide interacts with ferrous chlorid 
to give a double salt whicdi, by further aetion of ineliillic jron, is cor 
verted to ferrous chloride and inagnetie oxide. It will be recalls 
however, in this connection that, in the Bergius iiroeess, water an 
iron react at ,W" to yield hydrogen under high pressures when acid 
or salts, t'.g. ferrous chloride, are employed as catalyst. It is possibl 
that, under the conditions prevailing in this reaction, flue to the presenc 
of a hydrogen “ acceptor ”, nitrohiuizene, the reaction proceeds at th 
lower temperature. The real reducing agent would then he hydroge 
from the interaction of w'ater and finely divided iron. 

With other acids than hydrocldone acid the same cireumstauor 
hold. A small percentage of the theoretii:al hydrogen reipiinmients ar 
sufficient for the conduct of the process. Furthermore, the method i 
not restricted to this particular nitro*conipoun<l. The reaction i 
generally applicable, and is utilised in the organic dye-stutf industry i 
numerous cases with which it is beyond the scope of this volume to dea 
Dinitro-derivatives yield the corresponding diamines. Nitropheuol 
yield aminophenols with aide reactions yielding ammonia, jihenol, an 
water, and some aniline. Nitrous ethers yield the correspondin 
amines by reduction in presence of nickel, just as do the isorneri 
nitro-compouods. A production of the secondary and tertiary amint 
» J, Soo, ckem. Ind., 1887, 218. * Ber., 1894, tt, H36,1817. 
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always nrcurs, tbc sccoiKlary aiinni' ^'t'lierailv hoin/i jjrodiioed in tho 
grcatcstamoimt Gaudion ' explains lijs results witli tliesc comjiouiids 
by assinnmg' isoincnsafion of tlio nitrous ethers in preseiiee of the 
catalyst 

Oximes on catalytic reduction yield primary and sciondary amines 
The amides of the fatty acids yield t.hc lorreApoiiding [tnm.arv amine 
and water with some formation of the secondary amine by rupture of 
the moleoulc and simiiltaneoiia prodiiotion of animoiua 

Halogen denvatives. -Direct reduction of lialopui aromatic com¬ 
pounds is possibh-, employing fm.-]y divideij nickel as catalyst TIk' 
ease of reduction is a function of the eoinpoiind The jireseiioe in the 
ring of substituent groups such as methyl or hviroxy-raclicals faeiiitates 
reduction In general, the c.liloro-derivatives are the most easily 
rejluced The bromo-dericalives uu* less easih nsluced, and the lodo- 
compounds least of all This order h wlui would lie expected m view 
of alHmty relationships between livdrogi'ii and tlie n-spcctivi' ii.dogcns 
On an intermediati'c'ompound tlieor} of lat.duis also tlie same ordi'f 
Would be forecasted, since m< kel < hloiide ih readily rediii ed by hydrogen 
at 270", wliereas the bromide is less easily reduceil and llie ludidt* 
prai tuallv not at all at such lemiieratiires 

In exemplilieatioii of the catalytic reduction liie following reactions 
will .serve At 270" moiuKlil()roheii/,ene is rapidlv liMlrogenaled, 
ben/enc being formed A (crtain .pumtitv of diphend howev.T, 
aimultaneously prodiiceil diu' possibh lo the diiei.t mtion of tlie 
nietnllic catalyst on rlie i liloio-deiivalni' 

Toly-ehloro-derivatives )ielii tlie redmeil pioiiuci-, m snecessne 
stages Tims diehlorolien/eiu' givi's .sllM^'y^|\c|\ nioiio-i'lilonihi'iizene 
and benzene b'roin hexacliloroheiizeui' a im\tiii(‘ of (lii- In-, ill-, and 
mono-eliloroix'iizenes is (liil.uiH-d 

The chlorotuluenes aie moie reailily rt'dmed tliaii the chloro¬ 
benzenes Trichloroplienol gives a multin ot 70 per cut ot phenol 
and some nionocliloropheiiols Cldoroamliiies re.irlilv tlie 

corresponding hydrooliloride Chloronitro-iompouiids .sutfering simiil- 
tanenus reduction of the chlorine and mtrogionps aUo jicld the 
hydrochloiides of tlie corresponding amine 

Oifygen-containmg carbon compounds. \ numl>er of uwgen- 
containing carbon compounds may be eafaluRally reduced witli 
aimuitaneous tixation of tlic liydrogen Thus, I'liiyl aectoaietate h 
converted to ethyl lnit)rato aceoiding lo the equation 
CH3 00 CHj.C00.CA-t-2lIr~-> 

CH3 (TL (TIj COO (Vlj-elljO 

Tins reaction is always uccoiupaiiiod by side rcartious A split of the 
molecule may occur (CKj CO CHj-aud COO CjHj), the products 
yielding further reduced substances, the former acetone and secondary 

* .-l/in. CAim /’Ayt, iail‘(tiJi 1, 26, 1211 
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propyl alcohol, the latter ethyl formate, which decompo,se.< under tlio 
reaction conditions to ethyl alcohol and carbon monoxide. This latter 
may be transformed to methane during the reactiAi, Alternatively, 
condensation of the molecule may ocrair as a side reaction, eataivtically 
as.sistetl by the nickel. The hydrogen does not fumUion in the change, 
the products of condensation being dehydraeetic acid and ethyl 
alcohol, according to the ccpiation 

2(CH3 . CO . CHj. COO. (Ufs) - (CH.,. CO), t 2C.,lls .Oil, 

With nickel of medium activity aromatic ketonc’s are reduced 
to the corre.sponding benzene derivative. Thus, acetophenone, 
C^Hs . t'O . CHj, yields ethyl benzene. Similarly, aromatic diketones 
give the corresponding hydrocarbons ; 

tyij. CO. CO. c„iij e Ills ■-->(',, 115 . ciij. ciij, c.n,, 1211 , 0 . 

The anhydride.s of dihash' acids give the corresponding lactones. 
Thus siieeinic anhydride gives biilyrohielone. orthophthalie aiiliydrido' 
the corresponding phthalide, e.y. 

CO Cll„ 

C„H,: ',() .vC„ll,' /). 

CO Ct)- 1 

Tlif plicnuls anil |K)ly-]')n‘no1s may !»■ roiliu’ctj Id tlic fnrr<',i|Mmiling 
liyilriiciirbons, Iml tin* yii-lds arc low. 

Aldehydes. Aldidiyiloson rnluction an*c(mvi*rt<*d lothe corri'Hpond' 
inji alcitliolis: 

K.(’i!0 t 11, ii.CiljOH 

This ri'actioii is of primr iniportanrc in t)i<* niiMlfni u’ork on ihe 
production of syntlictio ali-oliol. As shown (‘Iscwhcrc (p. .’IKi). from 
calciuin carbide as starfiiiji-poinl, acftahhdiydc may be synllieHised, 
via aeetvlcne, wlihdi is (atulylically hydrated to yield tlie aldehyde. 
Using Sabatier’s catalytie liydrogenation process, the ah!eliy<l‘* thus 
produced may be convtTiei! to ellty] aleohid. The reaction is con¬ 
ducted in the presence of reduced nickel at 140', using dry aldehyde 
vajjour and pure hydrogen The eom})letcne.s.s of tin* synthesis is 
limited hy the reverst* procoss of dehydrog»‘nalion of llm uleohol prot 
ducoil, but. with careful control, a cfuivcrsion of HO per cent of the, 
aldehyde is pos8il)le in a single passage over the catalyst. TiTiiperature 
coritrol must also he rigorous owing to tin* possildlity of (catalytic 
decomposition of the ahlehydc, W’hich, at 18(U, under these conditions 
is rapidly converted to methane and carbon monoxide, 

CHa.CHO^CH^+ (*(). 

The products of reaction, consisting of alcohol, unchanged acetaldehyde,' 
and hydrogen, are collated, and, by a process of continuous fractionA*^, 
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are separated, the unchanged materials returning to the reaction 
'Bystcin 

Armstrong and Hilditch ^ have shown that the reduction occurs 
more slowly tlmn tlie hydrogeiiatioii of simple etfiylenic compoiinds, 
but the mechanism is the same ^ Water vapour inhibits the hyJro- 
teiiatioii process markedly The Loiiza Eieetnzitats Werke carry out 
■he process technically by using a large excess of hydrogen, which is 
itnppcd of reaction product and returned to the inlet ot the system 
Oxides of catbOQ. Both carbon monoxide and carbon dioxide may 
' be reduced by hydrogen in the presence of metallic nickel In each 
case the products of reduction ace methane and water, the reactions 
; occurring being reprc.seiitablc by the equations 

C'0 + 3Hj = CH 4 + HjO, 

00,+4Hj = CH, +211,0 

, With an active nickel catalyst the reaction with carbon monoxide may 
,commence as low as 180“-2(IU", the velocity of reaction increasing 
■ rapidly with the temperature, so that at 260’ the conversion u prac¬ 
tically complete With carbon dioxide the reaction commences at a 
somewhat higher temperature, towards 230°, and is rapid above 3(KI° 

It has been suggested that the dioxide may thus be used as a suitable 
Istarting-iioint for the jircparatlon ol pure methane ll is necessary, 
however, to exercise care m the process, otherwise eariioii monoxide 
will be louiid 111 the reaction product after removal o( the carbcii 
' dioxide by alkali 'I'he occurrence of carbon monoxide m the hydro- 
genated |iroducts of eacboii dio.xide w of interest, and liirtlier at inly 
of this point should yield iiiforraation on the jireelsi' meihamsmof 
reduction 

With oarboii monoxide at temperatures above 260° a second 
reaction may occur, also catalytieally assisted by metallic nickel, as 
'■well as by many meUdllc catalysts, e j iron Carbon monoxide is 
decomposed, yielding carbon and carbon dioxide according to the 
equation 

2 CO^!:c+oo, 

^le carbon is deposited on the nickel catalyst, rapidly rendering it 
juefioctive catalytieally. 

The technical application of these hydrogenation processes to the 
production of illuminating gas has been the object of considerable 
investigation. A review of this work may therefore here be given 
Techaieal prodnetion of methane. -Elworthy in 1902 * was the first 
’to apply the process of Sabatier and Senderens to the technical produc- 
;1a*n of methane from carbon monoxide He employed water gas as 
the source of his methane. The gas was freed from carbon dioxide 
and 80 much hydrogen added that the theoretical mixture (C0 + 3H,) 

free. Kof. Soc., 1«20. 97i. 259. * See p 137. * B.P. 12461/1902 md 14333/1904 
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for methane formation was obtained. The Conversion was to Be; 
effected by passage of the gases over finely divided nickel at 250°. The. 
process was to be exploited by an English conjpany, but technical 
difficulties, mainly the short life of the catalyst coupled with the. death 
of the patentee, affected the progress of the work adversely, and the; 
problem therefore remained unsolved. 

Sabatier himself attempted the solution of the problem.’ At the 
outset he sought to reduce carbon dioxide by means of hydrogen at 
temperatures of 350°. Later he proposed an alternative process,^ 
utilising the decomposition of carbon monoxide to carbon and carbon 
dioxide which occurs readily at 500° in the presence of a nickel catalyst, 
together with the observation that the carbon deposited in l.lie mass 
readily combines with superheated steam to form carbon dioxide and 
methane. In this manner mixtures of methane, hydrogen, and earhon 
dioxide could be produced from water gas. The reaction could be 
conducted in the two stages or, by passage of suitable proportions of 
water gas and superheated .steam simultaneously over the catalyst at 
500°, tile two reactions could be superimposed. In conjunction with 
A. Girard, considerable energy was expended in attempting this 
alternative scheme on economic lines, but presumably without success. 

In a later patent “ Sabatier returned to the direct reduction process, 
employing a low-temperature water gas with a high-earbon dioxide 
content and a correspondingly low content of carbon monoxide (12 per 
cent). In this way the necessary excess of hydrogen was obtained. 
The gas, after removal of the carbon dioxide, was passed first over 
heated copper to remove impurities, and then over the niekid catalyst 
to convert the mixture, into methane and hydrogen. 

An alternative method of producing the hydrogen-rich gas neces¬ 
sary for the production of methane was worked out by Hedford in the 
laboratories of Prof. Erdmann, Halle-a.-S., and the technical possibilities 
of the process were exploited by the Cedford Gas Process Go. in England, 

The difficulties in the way of a technical solution of the problem of 
reduction of carbon monoxide by bydrogen in the presence of nickol 
may be, briefly summarised as follows : 

0) Theoretically, throe volumes of hydrogen are rcrpiired for one' 
of carbon monoxide. In technical practice, it is found that at h-ast.. 
five volumes are requisite. 

(2) Sulphur-containing gases poison the nickel catalyst.. ' 

(3) The decomposition of carbon monoxide to carbon dioxide and 
carlmn may occur with decomposition of the latter on the nickel 
catalyst resulting in loss of catalytic activity. 

The use of low-temperature water gas, as suggested by Sabatier, to 
overcome the first difficulty suffers from the disadvantage that con-t. 
siderable quantities of carbon dioxide must be removed, an operatiod, 
of considerable expense. Alternatively, Klworthy’s proposal to admjx.j 
* F.P. 354821/1905. * K.P. 355900/1905. • V.V. 400886/1908. U 
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lydroffcn is limited in its application by the relatively high cost of 
lydrogei) The attainment of the hydrogen-rich gas can, however, be 
eaiised by removal of carbon moiioxub- from wafer ga,s, and this is 
lossilih' by the physical method of lii(iicfae(ioii, making use of the 
uifTerence in the boiling points of the two constituents (H^- - 252 5°, 
C 0 =--- nHi") As mentioned elscwhen* (see p 228), this process of 
Iniuefaction has been employed bv Frank and Faro for the prejiaration 
of hyilrogen 

lly a niodihcation of the metlittd of op<Tation it was found possilile 
80 to condiitt the liquefaction that at fin' tem|icraTiire of ln|ind air 
80 much carbon monoxide was removed fnnii water gas that an 
nneondensed fraction containing It per cent of (iirl)ini nionoVHh' was 
olitaiiieil The liquefied carlwii monnxnie was \ii|)oiised, a |)ortioti 
mixed with tin* 14 per cent fraclion to Imiig it up in eomposition to 
17 pel ciuit, and the reniamder buiiied m gas-mignies to yu'hl motive 
power to drivM- the com|)ressors and also to wr)rk the pumps in'cssary 
to remove all traces of eurboii dioxide from (he original water gas 
This was aceoiiqiliHliisi by wasliing will) water and witli alkali under 
pressiiri*, or according to the patent of Behrens and Behrims,' by 
alcohol iimler piessiire ni a < irc iiUlory system 

The adoplioii of the li(|iief,ution [)roees,s to iditani the iivdrogeil- 
ricii gas mixture similltaiieoiislv soi\r-fl the sci'ond dilbeultv in the 
pr<]C(‘ss For, in tin' cooling oper.ition, it was found tiiat all su!|)lnir 
compmiinls were eomjdetelv removed from llie iincondeiived poitnm 
and remained behiml as solids in tin* carbon monoxide rich fraction A 
gas was (ditairicil so free from sid|diiir impurities that after tlie passage 
of r)0(l,()(Ki litr<'S over 2(KI guns of reduced niekei the uitnitv of the 
cnlahst was al)s<iliitelv iiminp.iiied From oilier soiuees n is possible 
to coidirm tins observation as to freedom from sulphur and it may lie 
stated (hut us miicli as .4,00(1,001) volumes of gas per volume of <‘nfalyst 
may bi' su('ces.sfiil!} trealml without recording a d<'piirfuri' fi<im the 
(jiiaiititative nature (if the eonversion 

The further dilticulty associated with the (irmess due to carlmn 
deposition, IS practn-ally elimmnted liy use of the gas witli o volumes 
of hydrogen to I of carbon monoxide The dilmmt effect of the 
hydrogen i.s sufficiently great to prevent deioinpositioii occurring in 
any marked degree 

for the reduction process it was found tiiat three (juart/t tubes,^ 
1-5 metres long and 12 cm dianuder. each contaniiiig 2(H) grins of 
finely divided nickel, were adetjuate for ttie treatment of 4<)i)-5()0 
cubic feet of gas per hour The yield of methanc-rich gas thus obtained 
averaged 2(X)-2.50 cubic feet per liour The <juartz tulies were main¬ 
tained at a temperature of 280‘'-300'^ Since the reaetion is strongly 
exothermic, 

CO + SHj - CH4 + HjO 4 48,900 cals . 

‘ D R P. 2n>l)42 * Thcrmfci Sjudicatc, Uallwud 
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it may readily be shown (bat with a pas of 17 per cent carbon monoxide 
content the process will maintain itself »-ithout the supply of external 
heat. 

In a si.xty-liour test run under these conditions the following sample 
data were collected : 


! ' .('III vjii, 

I ('ll, ('ll n, ■ X, ' I'll, , iK-r 

1 t un. ft. 

I {a) ('orrl^H^^itlon (if (lifMMitfr . i S , .‘{H 3 5 : 1 ‘J ! !y l ] ‘isH 

I (h) W’ntcr gas fu-erl from (’(K • M’ i 41 0 • 5H) j 5 0 ; , 

i (() Hydrogcn-ncli gtis . • i 0 : III H i Nl II j I S | ■ 2118 

I {(/) {,‘iirl)oii niono\i(l(“-ri('h gas • j ** . \ 

: (f) ilixtiiH' of (<) (ind ((/) used for I ' . ' j j 

readion . . jo! 10 II ! 80 0 j 2-8 21)8 

(7) iSumpIo uftcr rcdm lion . (1) { O '0 018 ; 0-1) ^ 28 11 - 400 

I (2) : 1-4 i 0’2 I 00 0 I ri'8 ; lU-H : IS8 

' ( 11 ) I 0 0 I 0 01-4 i 0-2 ; in 8 400 

I 1 ! , . 


It was shown tliat il (litnimilioti in adivity of the nickf'! due to 
carhon dciiosition occunvd. this could Iw removed liy slowing down 
the stream of gas for a period of time during wliieli tlie imdcel recovered 
its actuitv. According to .Mavr and Ileiiselingd this is due to iiiter- 
aelioii ol the deposited earhon W'ith livdrGigen t«f form methane. 

To avoid earhon deposilntn. the eurljon moiio.Nide eoiiteiil is k<*j>t 
ladow 17 j>er eioit lienee a ga> wit li more than 152 p«T eeiil fif methane 
eannot lie ohtaimMl in one opeiatn»n. Actually. howa'\er. hy addition 
of lurlhcr (|uantities «d earhon inono.vide to the rcflueeil gas. the proeeftw 
may lie ri'peated and a gas containing as much as 7<) per cent <d methane 
mas lie ohtainecl hv siiecf'ssive tn^atmenls. 

As to the economics ol the proeos, Mayer and Henscling are 
]iessirmstic. Krdmaiin. on the other hand, claims c()nsidcrulih‘ ])o«- 
sihilitK's for the process it is oh\ioiis that a considerahle nMiuetion 
in \oluim* occurs in the process, so tlial large volumes of gas must 
neees.sarily he treated to ohtaiii a given (Mil put This would militate 
agani.st its siiecesslul utilisation as a source of illiimitiufiiig gas per fie. 
On the other hand, the con.sidcrahle increase in ealoritie value per 
unit volume aeeompaining the conversion suggest its application as 
an enriching agent for water gas pHslueed in gas-works for addition ■ 
to the onlinary coal gas supply. This would ohviati; the use of oil 
supjilies for earhuretting water gas and therefore inerea.se the <]iiantitie,fl 
of such material availalde for other purpo.ses. There seems to be 
distinct |>o.«sibi]ities of use for a gas witli a calorific value averaging 
.’550 B.T.U. capable of production at a figure comparablf* witli that of ^ 
coal gas. The }>roduet of the t'edford process, it was seen, averagea 
480 B.T.r. per cubic foot, m that admixture of this with an onlinary 


* J.f. fJatbeUiuMt, 1900 , 68 , 169 , 197 . 






Water gas of 300 B,T U. m equal proportions would yield a gas of 
calorific value well above tlie 350 BT.U. standard. The cost of 
production, also, should be within the limits of practical consideration 
Nevertheless, so far as is known, no considerable technical development 
has taken place in such direction Extended familiarity with technical 
catalytic processes may, however, promote such develojiment along 
the lines suggested by the above outline or m similar directions, employ¬ 
ing other catalytic agents for the production of the methane 

Medsforth ^ has shown that this reaction can be much more rapidly 
conducted if the nickel catalyst contains a promoter. Cena, thona, 
• glucina, chromium oxide, aluinma, and silica gave a from 17-fold to 
12-fold increase in velocity over that obtainable witli the straight 
nickel catalyst. Zircoma, molybdenum, and vanadium oxides were 
somewhat le.ss efficient, though still good jiromnters Tin and mag¬ 
nesium oxides, copper and silver metals produced no acceleration over 
the straight nickel With the carbon dioxulc reaction the increases 
, in velocity were somewhat less than those recorded for the monoxide 
reaction, although the order of efficiency was the .same The mechanism 
of tlic promoter action has already been diseii.sseil ^ 

Armstrong and Hilditch^ cuiichidc that when punlied water gas i.s 
passed over nickel at 2(H)^-,3()fT’ (' thi* prcdoininating reaction is 

2C{) ^2H^-r0^4-CK, 

. Tlic reaction is rcganhsl as the sum of tvvo reactions 
2('()t2lJ.p=2r0^i2II,. 

V{\ rllli ( 2 II. 2 O, 

the former of winch is regarded as oeeiirnng in the ,'»atne manner as 
, the reaction iii |iresorie<‘ of copper j»reviously studied by them,^ namely, 
via formic aeuf. 

CO + H^O HCOOIl - COj + Hj 
With cobalt the reaetKiii commences at a lower tein[)erature, 180" (•, 
but the reaction yielding carbon dioxide and iin'thaiie i& subsnltary to 
the mam methanatioii process • 

CO + 3H3--CHjH HjO 

Silver la inert, iron almost so, platinum and palladium of minor 
activity. Increase of pressure up to 6 atmosiiheres increased the 
Dunimum temperature of interaction The reaction producing carbon 
dioxide and methane produces more methane from water gas than any 
other reactions It may therefore have value as a means of increasing 
the methane content or lowering the carbon monoxide content of town’s 
gas 

‘ J Vhm Soe. 1W3,133,1462, * Cliapter V. p 104 

’ Pr<x Hvji. Soc. 1923,108*, 26 * /'roc. Hoy Hoc , 1020, 97*, 205. 


Various eflorts to produce, methane from carbon monoxide and 
?Ji^togen in the presence of metallic .copper have thus far proved 
jnnaaccessful. This' raises an interesting problem as to the reasons 
why nickel and copper are thus differentiated. 

Partial reduction of carbon monoxide.—The possibilities inherent 
in a process for the conversion of water gas into methyl alcohol 
; according to the reaction 


C0 + 2Hj—>CH30H 

first attracted the attention of Sabatier and Senderens.* They found, 
however, that with nickel as a catalyst no trace of alcohol was obtained, 
the reaction proceeding entirely to methane: 

CO + 3Hj—^CH^ + HjO. 


At a later date* the Badischc Co. claimed the utilisation of pres¬ 
sure in a process for the conversion of blue water gas into a mixture 
of oils. Pressures over 100 atmospheres and a O'lnperatiire range of 
360°-420° C. were claimed as suitable with catalysts consisting ehielly 
of metals, especially iron and others of the iron group, iin])regnated 
with alkalis ; in addition zinc and zinc oxide were suggested as catalysts. 
The oils so produced consisted in part of hydrocarbons; the rc.st w'as 
water-soluble containing alcohols, acid.s, aldehydes, and ketones. 

A paper patent in 1916* desicribes the, pre]iaration of methyl 
alcohol from water gas at atmos])heric jiressurcs, utilising niekel or 
platinum as catalyst. In 1921 Calvert ^ claimed an 80 per cent 
conversion into methyl alcohol at atmospheric pressure. No details of 
the catalyst are given, but it was m all probability a metallic oxide, 
Patart ® in the same year claimed the conversion of a gas mixture of 
composition corresponding to 2Hj: CO at SOO’-OOD" C. and at high 
pressures into methyl alcohol, utilising metols or oxides which arc 
hydrogenating catalysts. 

In 1923 the Badische patents appeared, and the technical plant at 
Merseburg was put into operation for the manufacture of pure methyl 
alcohol, whilst experimenis on the production of long chain compounds, 
including alcahols and acids and hydrocarbons suitable for motor fuels, 
were continued by Fischer.* This phase of the process is at present 
just emerging from the experimental to the industrial stage. 

It is clear that two stages in the process of reduction are distinct 
^irom one another, the primary or ready production of methyl ahmhol, 
which is apparently followed by further reactions building up the hydro¬ 
carbon chain. 

' Hetbyl alGohol prodootion. -From the heats of formation of the ' 
'various reactants the heat of reaction to form methyl alcohol from the 

* 
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ideal water gae 2 H 2 : CO is found to be 27,000 cals, the reaction 
being exothermic. 

CO + 2 Hs=CH 301 t + 27,000 

The values of the equilibrium constant at various temperatures may 
be obtained with the aid of the approximation equation of the Nernst 
heat theorem: 

+1 log r+ 

where C represents the cheiniea) eonstaiits 

Inserting the values Q =27,0()(), C[r,= 1-60, Cc()-^3 5, = 3 b, 

V‘=2 we obtain the following values of K^, 

Tomperature "A’ . 400 flOO 600 700 800 1000 

1 88 2 M 4 72 ,7 W 7 811 

It IS clear that it is most advantageous, as in the ammonia syntliesis, 
to opernti* at as low a lemperatiire as is possilile rompatihle with 
catalytic eibcioncy 

Tho importance of opiTating a( high pM'Ssures is likewisi' I'VKleiit 
from the fact that the equilibrium is (lis|iliU'fi! lowaids the methyl 
alcohol side with inrrease in pressure ]iropoitiomilly to a much greati'r 
extent than in tlio ammonia sviitliesis 

Thus, at WKf K or 327‘’ (' the e(|iiiiihriinii constant is r« lir*. if 
water gas containing eipial quantities of tiydri>g<m and earlioii mon¬ 
oxide he brought to equilibrium vsitli rnetli)! aleoliol at various 
pressures, the partial pressures of I'aeti constituent will be 

T'llal I’riRiure | J'.irlul l’ri"4-.urc. I I’.irtl.il ITi-s'iiin', I’lrinl I’rcsun, 

In Atimwplii'tM I lla j <0 Ulotr i 

1 I O.'i ' or. 'O.l- 10-^inm i 

10 1 ! r. 1 .7 ■Ol:2:. atm [ 

227 1 70 ; TO 12'ialm j 

The choice of eatalysr. for the reaction was evidently limited tiy 
the fact that hydrogenation to methane had to he avoided More 
hope was to be found m substances anch as metallic hydroxides, which 
readily yielded formates on mteraction with carbon monoxide The 
study of the nature of the products of decomposition of metallic 
formates had been earned out by Gieben, Hofmann, and Goldschmidt, 
and whilst potassium formate yielded the oxalate and hydrogen on 
heating, zinc formate was found to give good yields of formaldehyde, 
methyl formate, and methyl alcohol. 

The experiments of Patart, of the Service des Poudres Franyais, 
and of the Badisclie Co showed conclusively that zine oxide was m 



fact an excellent catalyst, being quite active at temperatures of 400°- 
420” C., pressures of from 150-250 atmosplierea being eraploj’etl. 

The Badische Co. are said to Iw ojterating at temperatures as low 
as 250'’-300° with a xiiic oxide catalyst promoted with chromium 
oxide and at a ]>rea8ure of 200 atmospheres. 

In operating the process, as has been indicated, special attention has 
to be paid in purification of the ideal water-gas mixture 2 H 5 : CO, not 
only in respect to sulphur compounds, but in the elimination of all 
traces of hydrogenating catalysts such as iron and cobalt and especially 
nickel salts. The catalysts prepared from oxides of metals in different 
systems in the [writKlic table, with the most basic oxide in excess, must 
likewise be free from these impurities as well as from alkalis. Copper 
has prov(“(l the most suitable metal as catalyst container. 

Synthesis of hydrocarbon chains.— Whilst the primary formation of 
methyl alcohol on the surfaci! of the zinc oxide catalyst apparently 
proceeds smoothly through the formate, the subsequent production of 
long chain hydrocarbons and their oxy-derivatives ap))ears to be more, 
eonijilicated. .\.« efficient catalysts, oxides or iron impregnated with 
strong alkalis at •tlXl'-42(t (I and 1.51) atmospheres may be used. 
The re.sulting pnxluet eontams relatively large quantities of isohiityl 
and higher aleohols up to Cj, isobiityrie and higher aeids up to 
< 5 , isobutyric ald(diyde and higher ahiehydc'S. ueetoni' and higher 
simple and mixed ketones, about 2 )ier cent of esters, 1 per cent of 
hydrocarbons, and a small (piantit.y of waxy solid. 

The meehanism of formation of these long chains can he inler|)rete,d 
in various ways. Since the eomlimatioii of a hydrogenating catalyst 
and a strong alkali are required to (dfeet catalysis, this suggests the 
following sequence of reactions : 

(1) CHnOH cCO > t'if/'f)OH on tlie alkali, 

(2) CHjCOOH f -> CII;,CHO on the hydrogenator, 

(3) CHjClIOa Ifj -> CjHsOH on the iron. 

The process commences again with ethyl alcohol as reactant. 

If this mixture be lieated to 4tX)'’ C. in an autoclave the alcohols 
and aldehydes are deeom|)used and a mixture of saturated and un- 
saturated hydrocarbons are obtained, a suggestive method for tho 
formation of natural naphthenic petroleum from water gas. 


Hvdrogknation of Uxsatorated C'oMi*oi:.st)S 

By far the greater number of catalytic hydrogenation processes may 
be classified in this grouping, and in the hardening of oils tho utility 
of the process finds a practical application. Examples of hydrogena¬ 
tion of all tyitos of unsaturated compounds may be given, including 
compounds containing the ethylene double bond, the acetylene triple 
bqnd, the triple and quadruple linkage between carbon and nitrogen, 



floe double bond between carbon and oxygen, the benzene nucleus, 4 ind 
varioufl other unsaturated nuclei 

Ethylene.— The ethylene linkage is readily hydrogenated in the 
presence of metal catalysts Thus, in the presence of nickel, ethylene 
itself 10 hydrogenated at temperatures as low as 30°, ethane being the 
product. The rate of reaction increases with temperature, and is very 
rapid in the temperature" interval 130°'150°. If the temperature em¬ 
ployed be too high, decomposition of the hydrocarbon, in other words, 
dehydrogenation, also sets in, with deposition of carbon and liberation 
of a mixture of ethane, methane, and hydrogen, the two latter in 
larger quantities the higher the temperature employed. This behaviour 
is quite general for all the ethylene hydrocarbons investigated At the 
lower temperatures hydrogenation proceeds more or less (juantitatively 
to the corresponding saturated compounds. At elevated teraperaturos 
decomposition sets in, with formation of simpler hydrocarbons and 
hydrogen together with carbon and a small proportion of complex 
liquid hydrocarbons. 

—The best kinetic ^studies of the hydrogenation of 
ethylene have been made by llideal ^ using a nickel catalyst and by 
Pease ® with copper Rideal used a relatively inert nickel catalyst 
produced on a strip of nickel foil, He studied the rate of reaction of 
the mixed gases, at relatively low partial pressures (0-200 millimetres), in 
varying ratios, over the temperature interval of 30^-200 ’ C He found 
that, m excess of hydrogen, the velocity is proportional to the pressure 
of ethylene, in excess of ethylene to the hydrogen partial pressure 
Ethane acts as an inert diluent. An optimum temperature of reaction 
occurs at about 137° C The reaction velocity is governed not only by 
the rate of impact of the reactants on the free spaces of the catalyst, 
but also by the length of life of the molecules on the surface These 
contrary factors gave a maximum velocity eflect at 137° C Ridcal 
made the important observation that, on the most advantageous con¬ 
ditions of impact, the catalytic efficiency of his metal surface was only 
0-04 per cent Oxygen inhibits the reaction, hydrogenation of tho 
ethylene being negligible before all the oxygen is converted to water.' 
From his data, Rideal deduced a heat of adsorption of hydrogen by 
nickel of 12,000 cals, a surprisingly high value which was, however, 
subsequently confirmed by direct measurement * 

Pease showed that, in presence of copper, the bulk of the surface 
m contact with a stoichiometric mixture is largely covered by ethylene, 
and tho rate of reaction is determined by the rate at which the 
hydrogen can reach active centres in the catalyst surface. Pease, 
showed that the centres on the copper surface which are capable of 

^ J. Chm. Soe , 1922, 111, 9Q9 ; see also Polimr, Pne. Aoy Soe, lS2t, Ma. 403. 

I * J. Amtr Chm. Soe., 1023, 4S, nac, 2235; im sIw Gnuui, II Nwoo Cm, 19l0 {%){$ 
tl, 147. 

* Forest), Qaetetto, 1023, SS, 4S7, Bwbe and Taylor, J. Amer. ('Ae*. Soc., 1&24.49, 43,^ 



!;»asorping nyaiogea weie not all sUHicicntly active to produce hyilw-^ 
5 ?:getation, and that therefore, even»in a very highly active catalyat- 
.. (PeaaoVcatalysta were eo active that the reaction was rapid at 0° 0.),' 
the proportion of the surface which was catalytically efliciout was a 
very small fraction of the total surface. This confirmation of Ridcal’a' 
result in the case'of nickel is of fundamental importance in the theory ' 
of contact catalytic change.* 

The pcoblem of hydrogenation of unsaturated hydrocarbons is allied = 

. to the experimental work of Bergius on the action of high-pressure 
hydrogen on coal and tar oils. Experimental investigation shows that, 
at 400° and 100 atmospheres hydrogen pressure, hydrocarbon oils 
result from coal, and that these yield, on distillation, products resembling 
the paraffin hydrocarbons. The application of cataljlie agents to such 
reactions would seem to offer possibilities of development in a teehnical 
direction. 

.alcohols with a single unsaturated linkage are hydrogenated, with 
formation of the corresponding saturated alcohol. Thus, at 13()“-170°, 
in presence of nickel, allyl alcohol yields propyl alcohol. Similarly, 
citronellol, 

(CHj),C - CH(rH,) j. CH — OHj. OH, .OH, 

I 

OH, 

yields the dihydro-derivative. 

With aldehydes, conversion to the, saturated aldehyde is readily 
effected, but simultaneous reduction to the saturated alcohol occurs, 
though at a leas rapid rate of reaction. Thus crotonaldeliyde gives a 
50 per cent yield of butyric aldehyde, and 20 jut cent of butyl alcohol 
when heated with hydrogen in presence of nickel at 120°. 

By adjustment of the temperature of operation, ketones with 
ethylene linkages can he reduced to the saturated compound without 
simultaneous reduction of the ketonic grouping. Thus, at 1(K)'’-170'’, ■■ 
phoroiie, (CH,),C = OH. CO. CH = C(CH,)„ gives "di-isobutyl acetone. . 
At 22.5' the corresponding secondary alcohol and saturated hydrocarbon 
appear in the product. ^ 

Unsaturated acids are likewise hydrogenated without any action of 
the acid on the metal catalyst; this is of importance in the technical / 
hydrogenation of oils, since these always contain small amounts of free 
acids. ; 

The esters and glycerides of unsaturated acids are likewise hydro- 
Ygenated readily in the vapour phase. For technical operation, how- j 
ever, the discovery that hydrogenation could bo effected in the liquid i 
^‘:phase obviated the necessity of employing the vapours of the oils,' 

^ .most of which are non -vol^itite. A considetable industry in the hydro-1 
r/genatioh of oils has now been established, the details of which merit .| 
|extended consideration. • “ ' 

‘ fuxtiwr(yKtaiiaft«M ftBMiOa, VI, p. 127. 
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Hydrogenation op Oils 

The dassie studies of Sabatier and Senderens which have just been 
detailed undoubtedly laid the foundation for the development of the 
many processes now in technical operation for the hardening of oils by 
hydrogenation. The problem of oil hardening, briefly stated, consists 
in the conversion of oils which at the ordinary temperature are liquid 
into fats which are hard under the same conditions Chemically ex¬ 
pressed, the problem is the transformation, by addition of hydrogen to 
the molecule, of the glycerides of iinsaturated acids, such as oleic acid, 
into the glycerides of tlie corresponding saturated acids, such as stearic 
acid The hydrogenation is accompanied liy the elevation of the 
melting point of the glyceride Since the market value of solid or soini- 
solnl fats 18 inlnusically higher than tlial of the liquid fats, it is obvious 
that such a transformation, if eflected cliea|)ly, lias a large industrial 
importance m the soaji, candle, and margarine uidustnes 

Early efforts to effect hydrogenation of oils are almost legion, and 
all of them were failures technically The early work of Clievreiil and 
Berthelot is classic, many possible methods of introducing hydrogen 
being attempted Chlorine,^ bromine, and iodine ^ have all been pro¬ 
posed. Nascent hydrogen produced from hnely divided zinc and water 
in the presence of olein under pressure was claimed Ly Tissicr^ 
Schmidt’s process of heating zinc chloride with oleic, acid at 185' was 
tried, without success, upon a large scale The jirocess of Warentrapp, 
in which olein is fused with caustic potash with formation of palmitic 
acid, had an mdustnal apjilieation so long as the pric of olem was low 
The brisk advance m recent years of fhe juice of this material }m.s, 
liowever, destroyed the value of tfie process The processr-s of Wilson 
and of Miliy transformed oleic acid into oxysteanc acid by the action 
of sulphuric acid. The losses in the process are. however, consider¬ 
able and militate against its use Hjdtogen generated by idectrolysis 
was also tried by Peterson, who electrolysed alcoholic solulion.s of 
oleic acid acidified with a mineral acid, nickel electrodes being em¬ 
ployed The yields obtained did not exceed 20 per cent Aqueous 
fatty material acidified with sulphuric acid and electrolysed, as well as 
material previously sulphonated,* with subsequent electrolysis, have 
also been proposed as solutions of the problem De Hemptinnc em¬ 
ployed the electric discharge upon a thin layer of oil in contact with 
hydrogen Repeated operation thus gave yields up to 40 per cent 
Hydrogenation by catalytic action was shown by Sabatier an ’ 
Senderens to be easy of accomplishment with bodies capable of vapor- 

‘ Zumr. DRP, fl2407/l8lll. Imbcrt, US.P Wiatt/JfOS 

* Uiildsohinidt. SUnn(rji<r K. Alai H'm iPisfl, 1875, TS, 306, do VVikk and Urychler, 
iSoe elm. 1889 (ill). t, 295. 

‘ If P. 263158,1897. 


* Waaer. D.RP. 2474M/191I. 



Wf■HYPBOGEN'^ND. 

iMtion. The patent of Sendercns * fot the reduction of the vapours! 
of nitrobenzene to aniline by hydrogen iji presence of finely divided 
nickel ia the first patent significant of the technical development which 
such catalytic hydrogenation would rapidly attain. 

Application of the principle to Ihpiid ineelia was disclosed in tho 
patent of Iicprince and Sieveke* and in the corresjmnding British 
patent of Normann,* For this latter, which has been exploited in 
England by Messrs. Crosfield of Warrington, a fundamental character 
was claimed. It was deiided (1913) in the English courts that the 
Normann patent could not Ik rcgardcil a.s constituting a monopoly of 
processes for the hydrogenation of oils, and consequently many other 
patented processes are now being used for the purimse on a U'chuical 
scale. The operation of the catalytic action in li(]uid medium has 
alone rendered this technical application possible, since only a small 
percentage, of fats and oils can be vaporised without decomposition, 
rendering inap)>licable. therefore, the well-known procedure of tiabatier 
and Senderens in the vapour )dia.se. 

The nmneroiis pria-essi's proposial may broadly be classified tinder 
four distinct headiiig.s: 

(!) 1’roces.ses em|iloying reduced nickel or otbi’r base metals. 

(i) I’rocesses em|(loying tho precious metals; platinum and 
palladium. 

(.3) I’rocesses employing oxide of nickel and oxide catalysts ill 
general. 

(t) I’roce.sses employing organic salts of nickel. 

Processes employing reduced nickel or other base metals. Theso 
].roce.sses are applications to liquid media of the .Sabatier-Senderens 
hydrogenation reaction Nickel is known to be the best catalytic 
agent of the .senes, copiier. iron, cobalt, and other metals having also 
been studied. 

The preparation o( the catalyst material is the most important 
matter in the attainment of cilieient hydrogenation, the aim of the 
operation being the, preparation of the metal in a finely dividi'd con¬ 
dition. The resMirches of Sabatier and Senderens have shown, as 
previously emphasised, that the temperature of reduction of the oxidu 
bv hydrogen determines largely the properties of the catalyst. The 
oitide should be prepared from salts free from chlorine and sulphur, 
which act as jioisons in the cose of nickel. Copjier is less sensitive to 
poisons, but also leas active catalytically. The access of air or oxygen 
to the catalytic material should also be prevented, as oxidation readily' 
occurs, even if the preparation be not pyrophoric. “ 

The catalyst may be employed without any supporting material,, 
intimacy of contact and uniformity being secured by agitating the oil 


‘ P.P. 312815;l«ll. 
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by iSayser hae bwn patented on tliie principle ^ i iie eanj 
patent of Normann indicates the possibility of rendering the catalysi 
more active by fixing it upon a porous support such as pumice Thf 
use of other supports has also Been proposed, as, for example, wood 
charcoal, fnetals, talc, kieselguhr, and infusonal earths generally. 

The reduction may be earned out on the oxide eitlicr in the dry 
state or, alternatively, suspended m a portion of the oil to be hydro¬ 
genated. The former is the familiar laboratory process modified to 
technical conditions While the catalyst produced may not be so 
active, it is more nigged than that reduced m oil. This latter method 
gives a catalyst which is very finely divided and of high activity. The 
colloidal nickel so produeeil, however, occasionally sliows a tendency 
to agglomerate and to settle out of the oil mixture. The temperature 
of reduction of the oxide is sufficiently high that danger of altenng the 
molecular conditiou of the oil by polymensation—with consequent 
changes in taste—is possible and may adversely affect the hydrogena¬ 
tion product, if required for edible purposes Dewar and Licbmann ^ 
showed that it was po.s«ible to lower the reduction temperature of 
nickel oxide by admixing with the o.xide 10 per cent of ciipnc oxide. 
The lower reduction temperature thus secured would favour the 
production of a more active nickel Armstrong and ifilditch ® have 
shown that the coppermickcl oxide mixture mii.st be achieved under 
certain prescribed conditions for the beneficial action on the tempera¬ 
ture of reduction to bo obtained They ascribe tlie lowering of the 
reduction temperature to the effect of local o\orliealiiig jiroduccd by 
the exothernucity of the reduction process m Ihe case of copper oxide 
Kahlonbcrg and Ritter^ found that a 00 OO nickel-cobalt eatalyst 
was superior to their nickel catalyst similarly prepared 

The temperature at which hydrogenation is earned out is governed 
oy the nature of the compound to be treated and the catalj tic agent 
iised. For each compound there is a well-defined range of temperature 
or efficient operation. With nickel, for a number of oils, the range is 
rom 160° to 200“ with a temperature of maximum .saturation velocity 
lU the neighbourhood of 180°. With copper, the temperature is 200° 
!ind upwards. 

Hydrogenation with base metal catalysts is earned out technically 
both at atmospheric pressure and under pressures of several almo- 
nfiheres, the actual procedure adopted varying with the process employed. 
In certain processes the hydrogen under pressure w utilised to assist 
in spraying the oil in the hydrogenation chambers In all cases the 
employment of pressures above the atmospheric wiU assist the progress 
of the catalytic action. The figures of Shaw * on the hydrogenation of 
oleic acid for the same period of time tinder varying pressures demon- 

* U.S.P. 1004036/1011. 
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plnm the effect o{ preset ib djjmniBhing the fo^ie vatii^/lnC 
therefore also ia rabing the melting point of the material; 
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Procesaes employing the preoioua metaU. —The metals platiunm and 
palladium, owing to their well-known catalytic activity, have received 
considerable study as agents for hydrogenation. Md latterly their 
employment upon a technical scale, in spite of tlicir rareness and 
conscijuent initial cost, has been successfully achieved. 

The prevailing advantage in the use of rare metal catalysts would 
seem to lie apparently in the lower temperature of hydrogenation 
required. Thus, as early as 1906, Fokin had shown that, using pal¬ 
ladium as palladium blaclcf oleic acid could be reduced coraphtely to 
stearic acid at a temperature of SO^-DO", whereas with reduced nickel 
a temperature 100“ higher would be required in practice. With 
platinum in the form of platinum black the degree of reduction was 
not so great, only 24 per cent of stearic acid being formed. 

The theoretical investigations of Paal and his co-workers,' of 
W'illstattcr,* and others have demonstrated conclusively that numerous 
hydrogenations can be effected in presence of finely divided platinum 
or of colloidal palladium as catalyst. In general it was found neces¬ 
sary to stabilise the colloidal metal, and various protective colloids 
were employed to effect this. Paal made use of a water-soluble, jiro- 
tcctive colloid, the sodium salts of protalbinic or lysalbinic acids. Skita, 
who in his book Ober katalylische Reduhimten organiseher Ver- 
bindungen ® has detailed in a comprehensive manner the literature of 
the subject, employed an acid-stable protective colloid such as gum 
arable in place of the agents used by Paal. Solutions of platinum or 
palladium chloride in presence of such protective agents arc reduced 
to stable colloidal solutions of the metal by means of hydrogen in the 
cold. The protective colloid also has the power of preventing the 
precipitation of the hydroxide of the metal when sodium carbonate is 
added, to the solutions, the metal remaining in colloidal suspension. 
Such colloidal suspensions have proved to be excellent hydrogen curriers 
“for hydrogenation of both aromatic and aliphatic unsaturated com-, 
pounds. For technical operation, however, such stabilised colloidal 
. catalytic agencies have little value, and the solution of the problem 
i 6f technical hydrogenation by catalysts of the precious metal typo was 
;^ught in another direction. ■ 

' Brr., 1005-1809, Sa 40.41, W. >1908,41, 0199. 
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r’aal and the Vcreinigtc Chcuusche Wi'rkc of Charlottciiourg navfe, 
obtained numerous patents claiming the use of the noble metals for 
techmeal hydrogenation The salts of the metals are employed in a 
powdered state, mixed with the fats to be hydrogenated, and treated 
with hydrogen at a pressure of several atmospheres at temperatures 
preferably below lOC^. 

The salts employed may be the simple compounds. PdC'l 2 , PtClj, 
Pt 0 l 4 , or the chloroplatinates, such as HjPtCtR. K^PtClfl, or the copper 
salt. Other acid radicals, c q th(; oxalat*', may he siilialitiitcd for chloride 
They may be brought into the reaction medium either in the powdered 
state or in a({ueou8 solution, or they may be a<lded to the mass in a 
suspension in o|j|^ obtained by trituration of tlie solid with a small 
quantity of the oil to be hardened In g<'!ierai, to prevent the forma¬ 
tion, during reduction, of free acid from the salts employed, a sufRcient 
ipiantity of a neutralising agent, such a.s onliydroiis sodium carbonate, 
18 also added The use of earners and porou.s sujijmrts for tlie metals 
is also iiulicatcd Precipitated oxides and carbonati-s, tab. and 
infusorial eartlus are suggested Kurther, met.illic powdi'rs sucli as 
magnesium or nickel may also be eiiiploy’ed to the same end It is 
important both in the employment of double sails of the platinum 
metals an<l of metallic supports that metals should be employed 
whicli do not act anli-catulytieally in the process Thus in tins 
connection it is to be observed tliat lead acts \erv mark'edl\ as anti- 
catalyst. Tlic re.searclu's of Karl^ have shown fliat liydrogimatioa is 
very slight when lead, aliimmnim, iron, or zint aie used as metal 
supports, Oxides, hyilro'cides, and earbonales cd the hrst three metals 
have a similar aiiM-ratalytic effect 

The use of the metallic salts is tmiiii nioie elleclive from tin; 
hydrogenation point of view than the use of corres)K)nding amounts of 
the rare metals in tlie form of the sponge or of the metal black, both 
the velocity and tlie degree of hydrogenation being markedly improved. 
The tune required for reduction depends upon tlie amount of rare metal 
salt used and also upon the pressure of the hydrogen In an example 
cited by Paal in a patent specihcatioii, using 1 jmit of palladium as 
salt with TiO.OiX} parts of castor oil, at a hydrogen pressure of 2-3 
atmospheres and at a temperature of 80'’, the completion of tlie reduc¬ 
tion process, as recognised by the gas pressure remaining constant for 
some considerable time, could be attained in from .six to eight hours 

The recovery of the catalyst after use is an operation of importance 
when a catalyst of considerable costliness is employed. The methods 
employed consist in the mam of the destruction of the colloidal nature 
of the catalyst and the consequent precipitation thereof This is 
attained by the addition of an electrolyte such as hydrochlonc acid or 
of aluminium chloride, which electrolytes produce an immediate 
flocculation. With such means it has been found possible to hydro 

* In*«igunl l^sscrUtiWi, &buigca, 1911, Ber, 1013, M, SOSO 



genatc 100 kilos, of'oil, employing ]-2grm8. of palladium, TCceverlng’" 
from the reaction more than 90 per cent of the catalyst. 

The use of other metals of the platinum series has also been in- 
vestigated. The Vereinigte- Chemische Werkc' specifies iridium, 
rhodium, ruthenium, and osmium as catalytic material. Lehmann ® 
hydrogenated small (juantities of olive oil, starting with osmium 
tetroxide as catalytic material, which on hydrogenation produces a 
colloidal solution- having markedly high activity. It is obvious, how¬ 
ever, that the capital cost of such materials will in all cases hinder 
their employment upon the large technical scale. 

Processes employing oxide o! nickel and oxide catalysts in general.-- 
Bedford and Erdmann^ have claimed that oxides,of nickel act as 
efficient carriers of hydrogen to oils and fats and that they possess 
certain advantages in practical em))loyment over metallic nickel. The 
oxide, catalyst i.s claimed to be less sen.sitive to snl)>hur and clihirine as 
poisons and to permit the use of hydrogen containing larger coneentra- 
tiou.s of im])Hritie.H, notably carbon monoxide. They claimed that 
while both the sequioxide and monoxide are elTective as hydrogen 
carriers, a nickel suboxide is the most efficient. A considerahlo patent 
literature arose ^ with reference to these oxide, catalysts for hydro¬ 
genation and a considerable amount of ti'chnical development was 
initiated for such ])rocc.sse8. It is po8.silile that this arose in nn effort 
to avoid infringement of patents covering the use of the reduced metal 
as catalyst. 

.\ considerable crintroversy has taken place as to the naturi^ of and 
activity of the supposed .suhoxiile of nickel, .Meigen and Bartels 
claimeil that the actual hydrogen carrier in the process was really 
metallic nickel. Bedford and Erdmann denied this, stating that the 
nil in which reduction was curried out hinder.s comjilete reduction. 
The catalyst U|>on removal from the hanhmed oil and after being treed 
from oil by benzol extraction is a strongly magnetic black j^wdor, 
having a nickel content between that of the metal and niekelinis oxide. 
It is said not to form nickel carbonyl when treated with carbon monoxide 
under conditions in which it would be readily obtained from the metal. 
Sabatier and Espil ® found a slight iiifleetion in the reduction rate of 
the oxide at a [mint which woulil ccjrrespond to a difficultly reducible 
oxide of the formula NijO. Sabatier and Espil, however, proved the 
formation of nickel carbonyl with the ])ro(luct obtained at this stage 
of reduction. Moore ’ iudicato the existence of a suboxido of nickel. 
Erdmann attempted the preparation of Moore’s product, showed it to 
have the properties of the reduced material of Bedford and Erdmann, 

‘ F.P. ■t25720/l»ll. ■ .teyjn. geiZ, ISIS, 40. 418. ‘ J. pr. Citm., m3, HI, tta. 

‘ Bed/oid, H.P. 20612/1010; Itodford, Bnlmann, >nd WlllUun n.K.P. 112366; aB.P. 
260000/1011; F.P. Add. 18122/1013; lloberg and Techno-Clmmiosl Lalnnatnriva,' Utd., 
RP. 4702/1012. 

‘ J. pr. 1014. so, 301. • C'em/rf. rend., 1014, 189, 68S. 

’ Clim, Xnci, 1S9.3, 71, 82. 



to allow colloidal properties towards oil, and to be a good hydrogenation 
catalyst. 

Armstrong and Hdditcli ^ have made a thorough study of the 
reduction of nickel oxides of different types They conclude that the 
superior activity of a partially reduced product over a completely 
rcduced'metal'is due to its being a " supported ” catalyst, of the same 
type though not of the same degree of activity as nickel upon a support 
such as kieselguhr The reduction curves are related to the physical 
condition of the oxide rather than to the formation of any more or less 
definite suboxjdcs They showed by experiment that the activity of 
a partially reduced product is dominated by the condition of the 
surface layer of reduced nickel. With uon-supported catalysts, mail- 
mum activity IS readied wlien only a jmrtion of the nickel oxide has 
been reduced to metal, with a supported catalyst. howev*T, whicli is not 
appreciably reduced m bulk by the proee.ss of reduction, the catalytic 
activity, instead of declmmg again, is maintained constant until and 
when tlie whole of the mi kel oxide present has been nvluced It is 
therefore certain that variations m the catalytic activity of these 
reduced products are to be ascribed to variations m the nature of and 
area of free nickel exposed, and do not require for their interpretation 
the assumption of the preaeiiee of any catalyst other tiiun the metallic 
nickel. 

That the oxide is quite unnecessary for the [iroduction of an activo 
nickel catalyst has recently been established m two othiT different 
researches, Kahlcnberg and Kitter ^ showed that nickel chloride re¬ 
duced with hydrogen at 180^-200'^ (■ is a good catalyst for liydrugenation 
of oils Kelber ^ also showed that the characteri.sties of a nickel 
catalyst prepared by reduction of nickel cyanide with li}drogeii were 
identical in every way with those prepared from an o.xygenated starting 
material 

Processes employing oi^imic salts o! nickel. -To avoid difficulties 
due to the presence of chlorine or sulphur m the catalyst prepaiations 
the use of salts of nickel containing none of these poisons is to be 
recommended. The organic salta of nickel have therefore been em¬ 
ployed to a considerable degree for such jmrpose As examples, the 
use of the formate, acetate, and lactate, of mckel carbonyl and of 
various fatty acid and amido-salts of nickel, is indicated m the literature 
of the subject The use of salts such as formate and acetate forms 
the basis of a series of patent claims by Wiramer and Higgins* By 
employing the formate, for example, Higgins claims that the velocity 
of hydrogenation is accelerated by presence of the formic acid. This 
latter may be present to the extent of 1 or 2 per cent, and may even 
be introduced along with the hydrogen by passing the gas before 
entenng the reaction chamber through a solution of the volatile acid. 

» Proe. Roy. Soe., 1921, «a, 490. ‘ J. PSynwl CjI«» , 1921, 2S, 89. 
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Ifternativdy, Wimmer and Higgins have proposed the preparation ot 
satalysts by the reduction of such salts in a suitable protecting medium, 
mch as the oil to be hydrogenated. After a period of time the oily 
onass becomes black in colour, the mixture thus obtained being added to 
the main body of oil to be hydrogenated. The temperature of hydro¬ 
genation is apparently 180°-2tl0°. The nature of the'catalyst thus 
obtained is doubtful. Commenting on these preparations. Krdmann 
states that the organic salts do not act themselves as catalysts. Bedford' 
and Erdmann * claim that at 210° the salt is broken down, yiehling the 
jubo.xide, which is the catalytic agent as in their process, whereas, at 
the higher temperature of 2K)°, metallic nickel is obtained. Incident¬ 
ally, small amounts of nickel soaps result from the rr'action. In 
order to suppress the coucentration of free fatty acids resulting from 
such catalytic hydrogenation, Wimmer recommends the addition of 
drying agents to the catalytic material and proposes ignited sodium 
and magnesium sulphates for such purjawe. 

In order to ])romote intimacy of contact between catalyst and oil 
fat the use of nickel soaps as catalytic agents has been suggested, 
De Kadt^ cites a mixture of the nickel and iron or copper soaps of 
fatty acids having a higher melting imint than that of the hardened 
fat. After the catalytic operation is completed the soap is aeiiaraUal 
by agglomeration of the particles in the qnieseent liquid or by llltration 
of the hot oil, the, .soap being retained on the filter. The aim in this 
methoil of operation is clearly to promote mutual solubility of contact 
material and substrate in order the more efiective.ly to carry the 
hydrogen to the unsaturated fat. In tlie use of such materials, how¬ 
ever, Bedford and Erdmann claim that the oxide and .suboxide arc the 
active agents. 

Nickel carbonyl, Ni(C0)„ the volatile compound discovered by 
Ludwig'Mond and used .so extensively in the preparation of pure nickel, 
has likewise been suggested as starting-point for the preparation of the 
catalyst. The claims of Shukoll “ and of Lessing ■* may be mentioned 
in this connection. Nickel carbonyl is readily miwsible with oil, and 
on heating to 2tK)° is decomposed, depositing metallic nickel in a finely 
divided and active form. Lessing projwses the simultaneous intro¬ 
duction of the hydrogen and carbonyl in order to cause the formation 
of the metallic catalyst in the immediate presence of the hydrogen. 
He suggests that the gases employed need not be of great purity and 
that large amounts (up to 25 per cent) of carbon monoxide are per¬ 
missible. Thus a hydrogen containing from !> to 10 pr cent of carbon 
monoxide may be passed over reduced nickel end thenc(! direct to the 
oil maintained at a temperature of 200"-240', the unabsorbed gases 
being returned to the starting-point for renewed passage over nickel 
and into the reaction mass. The amount of nickel required is said to 
; 1 til ‘ K.,. n.l>. 18SI0/IIH2. 

^ . * 1).R.P. 241823/1910. * 18998/1912. 
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bo small, cxccllimt results being yielded by 0 I [lart of ntekel per 100*' 
Jjarts of oil Kills has studied the use of nickel carbonyl and records 
similar results,^ observing, however, that the greatest ditlicalty attemlmg 
Its use appears to be " the removal of finer jwrtions of the nickid 
pre(i|ntate from the oil after hydrogenation but tins may be accom- 
))lished by the observance of due prei'aution iii (iltraliuii ' The 
catalyst may, lie further observes, be repeatedly us«'d, ami its 
r#generiituui is, relatively, a simple matter 

Maxted - has stiidieil (|tiantitiifi\cly the itilubidng effect of carbon 
monoxide upon the hydrogenation of an un.satmaleil glvei-ride in 
preHenei; of finely duiib'd uukel as .nat,i!vst 'I’here is a very matked 
poisoning effect, cspeeially [ironoiinceii at the lowest coneentrations 
of eaiboii nioitoMde Thins, n’Jo per cent uirboii moiio\ide rieereasi-d 
till- Innirly absurption of hydrogen by ii third, \\hi'rea> an adiiitionai 
l-Tb [ler ei'iit of till' poison ellecteil a lurther redmtion o| oiie-ihird in 
the amount ol hyilrog<'ii (oiisumeil 

Mechanism of hydrogenation of unsaturated liquids In the realm 
of solid-ll'lilld interface iea< turns at metallic Siirf.iies. (he .'tildle.s of 
ArinHlniiig and Hilditch'' on the late of livdrogeiialion of unsatiiriiled 
eoinjiounds at tie' siufaie of a imk<‘l isitalvst are boih i i)iii[>ielieiisive 
ami coriviiK'ing Hi‘veral workers, sinli as Fokin,’'iiome Hnhler and 
van Arsdel,'' I'eiio.*’ I'bblidmiie and Svanoe," amt Thomas,^ ha\e 
observed im a[iproMmatU)U to a tmimoleeiihir adum ui li\diogen,inon 
of li(|uid sVHtcm.s at a iiiikel surface Kui|il(i\ing as piiie mateuaK as 
could possibly bi‘ obtained, and working under im idi.mieal (omiirioiis 
favouring maximum inntact ot the gasi'ons, bipiid and solid (om- 
ponciits (.1 the s>sf«mi, Armstrong and Hildili h biiind that uiisaliiratml 
glycerides containing mixtures of olem and le.ss salinated ghei'rides 
gave cliuracleristn curves, more neuily a ,scries of two sliaigbt lines 
than a combmation ol two ununohs ular curves The first (almost 
linear) segment correspombsl to the portion of the prrn ess m wlmh 
analysis of (he j)roduet has shown that the main adion m the trans- 
form.ition of less saturalml glyiemles to olein, and the second portion 
(not so straight.) covers tin- part of the .lotion in which uh-m (with the 
iso-olciiia also formed in this m turn) is jia.ssing to stcaiin 

Later, Armstrong and lliiditiii extemied tin- study to suitable uii- 
satiiruted organic mdivKliials whieli could he obtained m a state of 
greater purity tlian the noii-volatile glycerides The linear character 
of the alisorption of hydrogen -time curves became vervdehiute It was 
also sliown how the linear curv es could be transformed into iimnioleciilar 
curves (i) liy tin; presence of a substance which slowly combines witii 

' ll’idri/'j'naluin of Oili, ]> 1)7 (('onKtftblo, IxMutoii) 

‘ JV.in' Fiinul S'r(C, 11)18, 13, 811 

’ i'w Ko’i Six . 1^11), 9flv, ir , 19211. Ma, 27 . 1921, lOO*. -24(1 
* Zeiiwh unqi’u' Chon 1008 22. U5I, 1402, 

Imi K»g I 'Aabj , 1017. 9-451, 

■ Zotxh nnytit . 1010, 32, 257, 276. 
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?he catalyst to form a permanent compound (permanent catalyfli 
poisoning) or (ii.) by ibo accumulation of gaseous impurities in the gas- 
apace above the acting system (thereby altering the otherwise, constant 
concentration of hydrogen above tlie liquid). A further possibility 
resulting from this latter effect is that such gaseous impurities may 
have been preferentially adsorbed by the nick(‘l catalyst and thus 
exercised a retarding iiitluenci' on the reaction more than proportionate 
to their actual concentration in the gas phase. The linear curves 
obtained by Armstrong ami Hilditch in these studies undoubtedly 
indh’ate that the chosen experimental conditions gave a catalyst surface 
which was. initially and for a proltmged jieriod of lime, completely 
saturated with reactants. The deviations from linearity in the later 
stages of the reaction are also to be aseribejl in part to conqjctitiori of 
reaction jiroduct.s for the mekt*! surface. siiuM* it has been shown* that 
ev<'U saturated hydrocarbon systems. <■.(/. ethane, cyclohexane, are 
stronglv adsorbe<l bv catalytic metals. 

Throughout the preceding work the operating pressure of hydrogen 
gas was maintained constant. In a aiibse<|uent contribution Aryistrong 
ami Ihlditcli " <liscii.ssed the intiiieme of variation in the hy<lrogen 
liressure In this inve.stigalion the greater complexity of tlu' 
liimnlecular reacti«*)i at an interface n^vrals it.self ipiitr delinitely. 

|i ) SornKtl. In the alisema* <»f siibsiituent grmijis of tlie kind 
discussed lielow. (iii,). and in presence of sufficiemt im-kel (in general, 
so long as at least 0-1 per cent- of nickel is }>n‘sent). tlie etliyleriic 
union IS hvdrogenated at a rate which is in almost exact proportion to 
the ab.soliite ]ires.siire of the hydrogen 

(ii.) Stihuniiiial At very l(>w concentrations of catulvsl (say 
to ()-n2 per cent of imkel reek<med on the organic compoiim!) tin* 
increase in rale of hydrogenation beeomes less than projairlional to tin* 
increase in pressure. Tin* compounds w lncli ah.siirb livflrogeii most 
readily are in general more prone to sliow this subnormal effect when 
the cataly.st concentration is iliminislied. and it is <•speeialIy marked in 
the case of miiiti-ethylenie coinpoiiiids sucfi as derivatives of linoleic 
achi or linolenic acid or with ciirtil 

(iii.) AhiortiKtl. If the misalnrate<l compound eontains another 
grouj) which has affinity townirds nickel (but is not open to liydro- 
genatioii), it is found that increase in hyflrogen pressure causes an 
increase in the rate of hydrogen adsorjition in mon* than simple pro¬ 
portion to the altered concentration of hydrogen. This has been 
observed with unsaturated alcohols ami imsaturated carboxylic acids. 
Unsatnrated aldehydes or ketones, on the otlier hand, show normal or 
subnormal behaviour. 

The results are broadly, then, that increase in concentration of 

* i’raw. J. Amcr. ('httn. .SV«*„ 1923, 49 , IIIW ■, Dougherty and Taylor, J. Pht/ntful i'htm., 
1923. 87 , m. 

* Vroe. Roy. Sof.., 1921, I00\, 210, 



hydrogen causes a directly proportionate increase in the rate of hydro^^ 
gcnation proviifing there are no disturbing factors, and that the 
incrcast* in rate of hydrogenation becomes abnormally large if other 
groups active towards nickel but not open to hydrogenation are present.). 
In other words, the nature of the organic compound has a determining' 
intluenc-e on the effect of hydrogen concentration 

Ily analogy witli results of ilideal and Pease on the mechanism of 
hydrogenation of ethylene at gas-solid interfaces the proporiionality 
between rate and pressure m the normal case is to be ascribed to tlie 
fact that the extent of association between iiicke] and organic compound 
IS large as compared with that between nickel and hydrogen The 
accessibility of the hydrogen to free nickel surface (whicli will be 
small) varies directly as the hydrogen pressure In th(' subnormal 
cases it is apparent also that the low concentration of nickel means a 
still lower ace-essibility of hydrogen to free iiickoLsurface, the reduction 
III catalyst quantity being less unfavourable to tlie more strongly 
associated reactant, the unsaturated liody In the rase of abnormal 
vanatKiu with pressure, the abnormality apparently lies in the secondary 
association of nickel with the unsaturated liody at the second group 
which is nut subject to hydrogenation If it be assumed that this is 
a position of stronger association with nickel than the unsaturated 
linkage which can be hydrogenated, it follows tliat the inftueiiee of 
increased hydrogen jirossure will be greater than in tlie ease where 
only one lyjie of association lietweon nickel and unsaturated body is 
poKHible It will need careful and pcunstaking lesearcli to \erify such 
a jiomt of view quantitatively Tlie work of I.aiigmuir and Hardv 
pn^viously cited is a beginning in that direction Progress, however, 
may come more rapidly by the study of mei liiuiisin m vapour pliasC’ 
reactions, where, as Pease has shown, it is possible more easilv to follow 
the variation of interfacinl concentration 


ilyOROOKNATfoN OF UnSATURATEO COMl’OUN'Da ((.witumc*/) 

The acetylene linkage.— This is extraordinarily readily hydrogenated 
m presence of metallic catalysts With nickel, acetylene and hydrogen 
in the volume ratio of 1. 2 react so intensely that, with gas and catalyst 
originally cold, suilicient heat is developed to raise the temperature of 
the nickel to 150° The product is a mixture of unchanged acetylene, 
some ethylene and saturated hydrocarbons, together with some carbon 
as a decomposition product Exceas of hydrogen favours ethane 
production. With excess acetylene, complex hydrocarbons, aliphatic, 
aromatic, and hydroaromatic, may bo recovered from the product 
Ross Culbertson and Parsons ^ have studied m detail the hydrogena¬ 
tion of acetylene to give ethyleue, Nickel was employed as catalyst. 
They showed that, initially, a hydrogen-acetylene mixture gave mamly 
» J Ind, Eng. Chm.. 1921,13. 775. 



,ethaiie. This they ascribe to hydrogen already adsorbed by the nickel. 
* When such hydrogen is consumed a product contaiuiug 80 per cent 
ethylene is obtained, the l>est result.s being given tt'hen the hydrogen is 
s in slight c.'cceas of theory. As the acetylene in the ini.Ktiire is incri^ased, 
the ethane produced dc-ercaaes and the sum of the ethylene and 
acetylene increases. The authors showed that both ethylene and 
acetylene will undergo hydrogenation at a teniperalnre us low’ as 
-lO" ('. with an active nickel eataly.sl, I’aal and his co-workers* 
found that combination of hyilrogen and acetylene occurs when a 
mi.vlure of thesi* gases is shaki'ti with colloidal .solution of platinum or 
palladium in water. With eipial volumes of reactants the prodtiet 
contained ."<0 per cent ethylene. Copjier is less suitable, than nickel as 
'a cataly.stowing to the formation of cu|irenc, a complex liipiid 
hydrocarbon. 

The carbon-nitrogen linkages. 'I’lie triple linkage between carbon 
and nitrogen is readily hydrogenated with metallic nickel as catalyst. 
The nitrile.s yiidd the' corresponding primary amine : 

IM' Ntdflj ---> I! ,('llj . .Nllj. 

Secondary reactions occur, however, in presence of such a catalyst, 
and .so a percentage of the product is composed of .secondary and 
tertiary amines with an aecompanving formation of ammonia : 

2K. ('ll.. Nil., -v(H,(Ti,)jNH tNII.„ 

K . Ctfj. N'lfj-i (H . ('IL)Alf (It. (:llj),N i-NH,. 

The cpiadruplc linkage betweim carbon and nitrogen pre.sent in 
carbylamines is hydrogeiialisi at Kit)'-180 m presence of 

nickel. Si'Condary ainmes of the ty|ie K. Nil. ('ll., arc the main 
jirodnct associated with .small amounts of other amines. 

The isocyanate,s, K N . ('(I. yield at 180 -l!to“ a secondary amine 
and water: 

It 

K.N.-CO-i 311., H,.0-i Nil' 

CM, 

The water formed reacts with a porlion of the i.soeyanate, forming a 
disubstitiited urea (R . i\Il)j(’(l and carbon dioxide. The derivative 
of urea is in its turn hydrogenated, yielding water and a |)riniary and 
secondary aminu: 

(RHN . )jCO-t.3flj.- HjO tNHjRs R . Nil . ('ll,. 

y The carbon-oxygen double linkage. -Hydrogenation of the earbonyl 
group, CO, yields in general tlie corrcsiHinding secondary alcoliol 
grouping, CH.OH. Aldehydes therefore yield the corre.spoiiding 
primary alcohols, with some tendency to hydrocarbon formation. 

■ t ‘ fifr., 1915. 48, 275. 1195, 1202. • Comgl. reiul., 1900, 130, 1659. ^ 
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Thus ui fr(un forniaideiivdf some nK'tham* results ultu)" witJi the 
metiivl alroliol, benziildi-hvile Melds some lien/ene and fuliietic at 
2IO‘'-2‘r)" m [)resen(‘e o( nickel Alijiliatic ketones yield seoundary 
hIcoHoIh witli ease liv (atah he reduction, and the alisenci' of .se< ondary 
reaction prodiKts is remarkable quantitative yiekL lieiii;.' frequent 
Alipliatic ketniuc a( ids are rediii ed to the c(]rres[Kmdini( hydroKy-acid , 
.subsequent eliniinatioii of water mnv ^n\e rise lo the lactone Tims, 
iH'viilinic acid. 111 witli tnckel, vields y Indnivw.-ilenc acid, wliicli 
IS nniiHsliately < on\eite<i t(» lalernlaeiotie, 

('ll,.CO Clb, ('ll, ('(Kill WH, I'll Cil, V\U CO(H..O 

' U 

Aroiiiiilie ketones do not Meld tlie sM'oiul.iiv ,d(<iliol but, on the 
contrary, tlie ((iries[ion(lnie hvdrdi .irlmn Tlic qiiinones arc readdy 
hvdroi'enaled to llie enrresiKiiidine ilili\droi|Uiiiones 

The benzene nucleus. \s is well kmiwn, tlie lediictiou of the 
lienrene rni^ to nnne s,i(iiratinl i\(|ie qrinliHts is (omq.ir.il ivel\, a. 
diflu'iill ci|)er)illoll li\ oidnmri oreaine |i|ii( i‘sses Tims, with ii\diiodic 
acid as ie<lu(Hie aeent, bcli/eiie does not Mf !d i\< |iih<'\ane but the 
isiunein inetliv Ipeiitaiin f III leiie lioiliie,; .it U'l \\ilii the liljrlicr 
iivdrocai bmis. a i erinin q limit it v o| o|)eii-c[i,iiii nlqih.it t( hvdioi .irbons 
lllwavs le.sillts Mmeovel sIK b .1 |ilni I’dllle In riot .l|‘] Jk ,tb|e ,lt all tl) 
niany of flu* bni/eiie diuiMifiies sudi ,|y pin nnl m .niiliiie Sodium 
aiiialyam and livdiiodii .aid li.iie lieiii Miiphi'.ed witli vuieiss, 
however, with aildn licn/elie dem.ltices 

Tli(‘ U.se of iiiel.dln <,i(.d\stN 1 ms prioidiil ,i iiir|!ici<| (.ip.ilile of 
fairly ficiieral iippln atioii to tie Inili'ieen.iinirM.I tlie lieii/ete niiileiis 
AMordine to Saiialiei U H iindinditeillx lie- iikinI iiiipc.rl.uit of tlie 
operations that ledined nukei has reieleieil puN-ilde in svnthetic 
oryanie elieriiisti) .\l lenqieratiiies m lie* neielilunirbond ii| ISI)'’ 
the aromatic nucleus iun\ rea'Idv be hvdroeen.iled m pi<'M m i' <i| na kel 
wifliouf isdiHcrisation of the |irodiHt' or pindiKieni of semnd.irv 
reactions, and willi therefore. |ira(ti(all\ qumitilafice vields 

Karlv I'Vpi'ninenls of laiiifie and Akitiedl ’ li.id di iiimistr.iled a 
partial li vdioj/i'iiatem of ben/<‘ie' to ( yclohevuie' in pii'^eie e ot pl.itmum 
lilaik at tlie onlinarv tenipeialiire. or. belter, at |iKt I’.ill.idimn 
8|)on;’e oil tlie olliei liainl, Melded (\( loiie.xeiie C,,l[|y The composi¬ 
tion of the products was iledui'ed from tlie contnuiion in volume of 
the eases and is tlnTcfure uncertain The cat.ilvtic aelivitv of file 
metal also ra|>idt\ diniinislii'd The work of Sabatier and Senderena 
diMUonstratod tle‘ elficnmey of the iciluced nukei c.italvst 

TliiH. at tein|)or,itures alune TiC ben/enc whn direcilv hvilro- 
jicnated to cyclohexane Tlu' \eloc)tv of rcaetioii aftaiiusi a maxmaun 
111 the leiiqieratiire interval IT'i’ l!t(C, amt in tins r.iiiL'e iM'lohexnne 


Zfil'i'h nHvT<j I hrm , iOoi), 24 , ItU 
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WHS pro(l»mI practically quaHtilativoly with a sinjrlo passage over the 
catalyst, no siih- rcaction.s occurring. At higlicr temperatures, more 
especially above ‘JtHt, .s(mu; methane was produced and carbon was <le- 
po.sited in .small amount on the nickel. The Idglier liomohigues could 
similarly be treated, yielding the corresponding homohigues of cvclo- 
hevam*. ]f. ho\V('ver,the sub.stitutmt group\ver«* complex,as.birexample, 
•‘tliyl, pr(»p\d. ljutyl, etc., a c('rtain ([uantity <d a lower homologue of tho 
Nitiiraletl six-memlien-d ring was simultaneouslv produced. Thus, for 
exumph*. Irom ethyl lu-nzeiu*. in addition to etln’l cvclolie.xune, methane 
and nn-thyl eyelohexane wer«‘ picjdneed. whilst from propvl la‘nz<*ne 
both methyl and ethyl eyclohe.vene resulted, in addition to tin’ projiyl 
cyclohexane. A high reaetnm temperature lavours this dissociation of 
the molecule into simjd.’r comp(menls, s(» that, in genera!, a temperature 
not higher than ISO is em{i|ove<l, 

.\n attempt was made by Doughertv and Tavhtr * to gain some 
insight, by kinetic measiiri'iiieiits, into tlie meehamsiu of tin* catalytic 
refiindou id benzene to hex.ihvdrobenzcne, The results indieatei] that 
tile reaction do<*s mil occur at all ace«jrdiMg to tin* Htoiehionn'trh^ 
ei|narnm. a.s ealeulafed from gas eoin-ent rat ions. Imt at rates gov«’rned 
liy tile disirihution of tin* reacting mulenals betueeii tin* eatulvst and 
the gas phasi*. The trend of the reaction with change of temperature 
w.is stinlied. It Was foiiinl that, al)o\e 2'lo‘ ('. ijuantitative yii’hlK 
(oiiid no longer be obtained dliis ha.s al.so been found f)\ lh*iise ainl 
Turdiim “ wiili eojjper eataivsf.s Tlies<* can be maih* reactive in f,ho 
syiilhe''is. emifrury to the statements oj Sabatier a.s to the Hbsr*nee of 
catalysis \Mth copper IJn* d<‘\ml ions from complete reaction above 
2 d0 with nickel suggests tliat the catalysed reaction mav be tin* forma¬ 
tion (d iliiiydndienzene, which is tln'ii fiirtln'i- saturated m the gas 
})hase. Wafer vapour in small amounts, up to 2 per cent of the 
hydrogen volume ii.sed in the reaction mixture, Innl oidv u slight 
dej>r(*ssmg elb-et on tin* reaction vehnity, Carbon monoxiili* in small 
amounts, about 2 percent of tin* liydrog(*n volume, had a very iiiarkcfl 
jioisonmg etTeet. partn ularly at low temperatures of UN) or under. As 
(he reaction temjx'rature w.is ramed tin* poisoning was it’ss noticeable. 

In large ipiantities, however, around oO per cent id earlam nmno.xitb*, 
the reacthm wa.s eompletely stopped at iHt) . Hexaliydrola'iizene, at 
low temperature, JtK) or less, had a depressing effeet on the reaction 
veliKaty. This effect disa])pcari*d at higher temperatures, in the 
neighbourhood of 180‘'. Kn>m experiments a! 80' and IKf'C. it. was 
shown tiuit the temperature coeflieient (d (In* reaction measured is 
apjiroximately : 1-!) or Idib j>e.r 10 degree rise. This i.s evidently 
the temi>erature c^wflionait of a chemical reaction a.s opposed to that 
of a diffashm prnces.s. Pea.se ami Piirdum .show that benzene deitressefl 
th«i reaction velocity on cojiper eatalvsts. 

Tho reversibility of tho hydrogenation processes dealt with in tlieso 

* /. PhfjAtfa! C A?m,, |y2.3. 27. fi33. J. Am^. Chan. XVv.. 1925, 47 , U3f. 
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pages 18 most apparent in connection with the hydrogenation of the 
aromatic nucleus Klevation of temperature favours* the reverse re¬ 
action, so that, as the temperature is raided, the vioid of hydrocarbons 
of the cyclohexane senes diminislies At temperatures above 230° the 
liydrogenation of the misuturated bodies practicallv ceases, the reverse 
reaction completely j)ro(Iomina(ing. Elsewhere in this book the de¬ 
hydrogenation proeesses receive a genera! treatment, so that further 
comnicnt is not ticeesaary in tins jilace beyond tlx- slateiueiit that a 
study of the equilibria in such systems olfers a profitable field of 
investigation for tli(! jiiiysicul chemist interested in the application of 
jihysicn-chemieal measurement to syntfietic organic processes 

Substituted lien^enes with iinsatiirated linkages in the side chains 
are, naturally, converted by catalytic liy<lrogenation info the eorre- 
Bjiondmg fully saturated hydrocarbons of the eycIoli(‘xane senes Tlius, 
))henvl acetylene, 0 ^, 115.0 CH, yields praetically exclusively ethyl 
oyeloliexane. 

Hydrocarbons containing sevtTal aromatic inicloi are transformci] > 
mto the corresponding fully saturated compounds Tims, diphenyl 
methane, (.'llj,(U„H£|) 2 , yndds dievdohexyl metliniu', fTL(CJ|,,)j 
Diphenyl, (yij . ('|,llj, yielded to Kyknian ^ the( oiiipmnid 
phenyl cyclohexane Sabatier and Murat" oblaim'd the s:tturate(l 
product, .('hHu 

Catalytic liydrogemtlitm of ttie phenols, using nickel, ixeiirs readily 
in the temperature interval lHO'-22()'' Tlie corresponding livdroxv'- 
(lenvativcH of the (yrlidiexanes are oblaitied Thus, plienol yields 
cyclolu'Xaiiol with small qtiaufilies of eyeloliex.iii.mo The operation 
IS, however, more (IiHkuR witii polyplu-tioK, since tin' tem]ierature 
limits in whieli the riwtiun cun be elTect.'d are narrow If the tern- 
})erature is too low, reaition \eloeilv is snuill, wlnlsl at mori' ehoated 
temiieratiires decomposition of tlx- imdeitiie nei llr^ witli produetion of 
jihenol ami benzene, which tlien hydrogenate normalh Derivatives 
of phenol such as anisol, CfiH-.D ('ll;,, may be h^drogimated below 
Aromatic alcohols are not 8iisce[)til)]e to caliilytie hydroc'cnation 
without rujiture of the nuileeiile Thus, benzvl alcohol vields toluene ' 
and methyl cycloliexunc in |ireseiire of nickel at 150'' 

Aromatic amines, as, for example, aniline, N1I„ vudil the ■ 

cyeloiiex)l amine with simultaneous formation of .some ammonia, 
benzene, and cyclohexane, in addition to the formation of .,om<! 
derivatives of the secondary amine, (UjffuljNH Secondary alkyl aryl 
amines are readily hydrogenated in the aromatic nucleus at lf)0'-180° 
thus methyl aniline yields methyl cycloliexylamme 

With aromatic acids the catal\tic activity of the nickel eea.ses after 
a very brief interval, as was shown by Sabatier and Murat ® By 
hydrogenation of the esters, however, with subsequent .saponification 
those authors obtained an 80 per cent yield of the hexahydro-acul 
* Chtm tSOS, 1, 7 * Cw/rf. rad., W12. 1S4, 139n * IM, 923 
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Miscellaneous ring structures.' The hydrogenation of ring siructurea, 
other than the aromatic ring, follows the same'general prineiplcs as 
are outlined above for the benzene derivatives. The stability of the 
saturated ring, however, determines whether the end product is ring 
or open chain. Thus, cyclopropane yields propane. Cyelobutone gives 
first cyclobutane and then by further hydrogenation yields batAiic. 
(’ycloj)entadiene yitdds eyelopeiitane. I'velohexene and cyclohc.vadieno 
both yield oyclohexane. 

Tetravalent terpenes fix two molecules of hydrogen. The <livalent' 
terpeiies fix one molecule. Thus, limoneiu', menthene, and cyinene all 
yield menthane. 

Naphthalene yields tetrahy<lrouuphthalene with nickel at 2tKr. At 
175'^ the hyilrogenatiou may pr(»cee<l further to deeahydronaplithaleno 
or naphtluine. Similarly, the naphthols yield tl»e eorresponding deea- 
hydronaplitfud'i. With anthracene, likewise, the hydrogenation is the 
more eom]>lete the lower the temperature at wliieh the reaction is 
conducted. 


(-'onsiderahle technh’al development has occurred recently in the 
hydrogenation of naphthaiene. the ^iroduefs tetraliydrotiajjhtlmlono, 
deealjydr(nm}>htha!ene, and a mixture of tlie two, mark<fd as “ Tetralin 
Kxtra ", liave become familiar m the la.;t few' years. A factory of the 
T<*tralin (l.m b 11. at Hodleben, near Breslau, has a plant wdth a daily 
capacity <d 120 tons of the tetra di‘rivaliv<'. The teehnical problem is 
largely one of purilication. the removal of 1 hio-hodies from the material. 
Tliis is attinnpted hy a process of adsorption from the fused naphthalene 
by such agents an luiler'.s earth and kieselguhr, together with an alkali 
mi'tal or even with s}jent niekel catalyst. The hydrogenation process 
is earritsl out in fused naphlhahme at a temperature of IHO -2(X)’ 0. 
under a working jiressure of l.*> atmos[)hen‘.s of hydrogen, a supported 
hiek<‘l catalyst being used. Tln^ hydrogenat(*d pnslucts fiave found 
use as a turpentine siibstitute and as .solvents.* The tetrahydro- 
derivative appears to be a promising material as starting-])oint for a 
new series of dyes. A very cotnplete study of the )iydrogcnatt?d 
naphthalenes has been given by .Sehroeter.^ Braun and Kirsidibaum ® 
have extended Schroeter's stmlies to the liyilrogenation of irnleno and 
acenaphthene in the pure liquids with nickel catalysts. 

Heterocyclic compounds may be reduced in presence of nickel. 
Pyrrol gives a 25 per cent yield of pyrrolidine. Pyridine is only 
slowly r(*duced, but yields open-chain compounds and not pip(!ridiue. 
Quinoline gives an excellent yield of tetrahydroquinoline. 


Hydrogenation with Rupture or the Molecule 

i As exemplified in several instances cited in the previous sections, 
^hydrogenation in presence of metallic catalysts results in a rupture of 
^.VoiimuiQ. FofUA-Zeil., 1919. 24, 1689. ’ AnnaUn, 1022. 4SS. 1. * Ber., 1022, 49. 1680. 
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Hie iiKilfCiilc 111 iiiMitioii to fivilro^'Miatioii of the molecule and of the 
prodiKifi of tlic rujitiire Thus tlicre is a General fi'iideiiey for long- 
chaiii livdro(arl>oiis to break (bovti sini)il'.'r nioletiilcs during the 
hydrogenatum |)r(Kesa Similar l>eiia\ioiir was notiul with t)ic siib- 
shtiited benzene hydrocarbons The {uodiution of li}drocarbons other 
tliiiii ethane m tin* hydrogenation of aoetyleio' is to bi* attributed to 
the same cause, the setting at lilx-rty of tfie two iadi(ais loading to 
coinbiiial.ions of various fiJims Sabatier and Sendiuens. hv treating 
acetylene with hydrogen in presence of nitkel, ohtained as mueh as 
2 <) e e ol a clear yellow Inpiid i|mle coni]>araf)le with mitiiral jietroleiim, 
possessi'd even ot a slight plios[)lioresceni'e as is usual with llie natural 
prodiKt, and m wlneli higher saliirated hvdnx'arbuiis, such as pentane, 
fiexane, heptane, oelatie, iioniuie. deeaiie. cK , weri- all ]ire,sent ll\’ 
silllillile inodlliealioiis of the iitoihn o/xwxf//, Yields of lu|UI<! loiild bi' 
olitaiiied with |no[X'rties toiiesjionding in dilfeiejil samj'h's with the 
various petnileiims iiom ihlfiTcut oil-hearing distncts The diileient 
tyjX'H of oils weie prodmed with suds success tliat Sabatiei suggested 
the 1 heoi V that m.iiiy sin li mihiial oils had been formed in sin h niaiiner 
by eatalylK at Inni o! iindals on imxtiues <if gases m ilie (‘arl li s mteiior. 
Tins woik ftuiiis ,111 iinportaiil tontrilnition lo the siibjet I <i| the oiigiii 
of petroleum oils ' 

The anliydndes of fatt\ nionnlnisie at nK rii|'ture when h\diogenated 
at lS(l and \ ic'hl an at id and .iii al(h’h\ ib- 

(It III. . i{ coon . K Clio 

Till' latter is, iialuiallv, ]Mrtiall\ retimed |o tin't onesponditig aletdiol 
U1 till' |trol,ess 

llydnigeiiiition ol etbeis is dillit nil (,itah fieallt bill wlimi con- 
diicti'd above 2 bii niiitore ottiiis, \ieidiiig llie liMliotaibon ami 
aletiliol (‘(ii'ies]K)niling, ihe laMei iIm’II Ixang further riipfnied m part, 

(CJf.},() I H, -V C.ll^ , CII, CJI, Of], 

CJI,, CH, Oil CH, Clio , H.,-CH, tCOall, 

The uelioti 111 the tast' of idko\y-(h'in,ui\ts of beii/ene has alrmatiy 
been tited llelow Idli" they hvdrogeimte iioriiiallv in the nucleus 
A certain iiinoiiiit of nipUire siiuullaimoiisK occurs, viehinig cyclo¬ 
hexane and tiie aliphatic alcohol Above however, no livdro- 

genafion of the nucleus occurs, and the products aie jiheiiol ami the 
aliplialic liydrticarboii or benzene and tlie alipiiatu ulcohoi 

tVIs-OU + Hj-^tVIj OH + UH, 

CJIsOIi + If,—> t'gH„-fROH 

Numorous examples of rupture of nitrogen-containing compounda • 
have already been cited 

1 S«batuT»mlSrndm-nB. CWiiX «»J., 1173 , IIWO. 131 , 187 , 2C7, lOO-MH ' 

HU. 
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Selective hydrogenation. The term soloctivo liydrojronjvtioii may 
be used to UKiicate the preferential saturation of one or more double 
bcunls in eoinjamnds rontainiuf: several unsaturated eentres Several 
examples «)f sm-h selectivity have already been discussed. Thus» un- 
saturated ketones may lie eatalylh'aliy converted to the saturated 
ketone without simultaneous redueliou of the ketonie jjroupiuj!;. Un 
saturation in a side <diain may be rennoet! without hydrogenation of 
the benzene nuoleiis. The jiroblem aetpiifes both theoretieal and 
teohmeal sijinifieanee \vh<*n reference is inade to the selective hy*lro- 
genation of fthylenn; bomis m ioiiu ludnaarbon chains. In the 
hydrogfiiation of oils the pos.^bility oxMs of the conversion of the les.s 
saturated glye^ndes of linoleie ainl liiictlenii' acids into glyeeri<les of 
oleic acid before llie latter are tr.ui4ormed into stearin. 

J*aal an<l lus eo worki-rsd in their studies of eatulvtie hydrogenation 
in pre.M'iue nf the eollonlal I'lalinum metals, showed that .sueli a .step¬ 
wise reduelion I'ould Im' achieved m this manner when the two double 
lioinis in the ecunpoujid Were separated liy more than two <-arl>on 
atoms They showed, on the oilier hand, that, with a system of 
l otijiieared li!lkage^ no selective hvdrogenalion (leeurred. 

the completely saturated pnMiuet being pnuluced. 

H K .Moure. Richter, and \an Ars<iel.“ from a sludvof the rate c)f 
}iv<lrogeiiation of eotion-.M-ed «iil. eonelinle*! that the proee.ss was 
'i‘h‘eUve. linoli-m parsing Icp olein before anv aj>preei.ibh‘ amount, of 
olein was ii\dr(»eenaled. Jlildileh and t’ W. Moiu'e'* sliowt-d, by 
anal\>i> of Niinjdes withdrawn at int^-rvals from tlie hydrogpmalion 
s\stem. lliat. in a wnle \anetv of oil^ (eotlon-seed <til. C'lliv! peters of 
C(*tion-'«<‘e<l oil aenls, niai/.e. si*va bi-an. and linseed oils), liydrogenated 
at ISO (' with mekcl and. in s«mie eases, with topper catalysts, the 
amount of .saturated derivatives piesent does not sensibly inerease 
timi! tin* amount of linoleie deM\ati\es lia.s fallen to !tl per cent or less 
of tin* niixlnre. f'orrespoinliiiglv, the percentage o| oleic derivulives 
inereast's at the expense of I he liiioli'ie com pounds up to 1 lie same point. 
The free fatty aehls from eolt.on-seed oil constituted an exception in 
which the hydrogenation was tuily partially selectivt*. UiehanlHon, 
Knuth. and Milligan^ have recently eoiitirineil this conelnsioii with 
cotton-seed oil in presence o| iinke]. Using a new inetlnnl ol analysis 
of the various ]>ro4luets. Tln-v liiid the selectivity of the hydrogenation 
proee.s.s to be more marked with inereasing amoiml.s of eutalyst and 
with increasing t^'injicralures up t<> an optiimim in the nejghboiirliood 
of 2tKl More recently^' the same authors have sliowii that with 
marine oils, such as menhaden or whale oil. the more highly misuturated 
glycerides are liydrogeiiuted without formation of substantial ^piaiititiefl 
of completely salurabsl bodies. An abrupt change occurs at. an iodine 

I Bit. im.». 4S, ® J. Iwl. Kn-j. Chan., Ifll7, 9. iT,\. 

s .W. Chan. Ind., 4«. 1-57. * J. Ind. Kh'J. Chtm., 1924, 16, fll9. 

^ J, Ind. Bng. Chtm., 1925, 17, SO. 
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value of a|i}iroxnimtely'H4, at wliK.h nearly all tlic ester-i of more than 
two double bonds have disapiieared Below tins critieal point, hydro¬ 
genation results both ni the formation of saturated acids and in the 
convcrBioii of Cgo and (‘ 2 ;; acids containing two doiilile bonds to corro- 
spuncling acids of one double liond Here, evnlentlv, the principle of 
selectivity IS only })arlial One may venture as a jiossible explanation 
the view that the members non-seleetividy liydrogenateil may have a 
conjuguted double bond system, as indicated earlier in referenee to the 
work of Baal 

The several facts disedosed by these researches ludieate tliat the 
relative extents of adsorjition of the more and less .saturated eom- 
pounds IS one of the factors wlmh determines the selectivity of the 
hydrogenation process One wiptild (onclude from tin' results that tlie 
more liigbly salurated glycerides are preferi'iiti.dly adsorfied to a 
marked degn-c, especiallv in the lower temper,iliire interval As the 
temperature rises beyond (' tins preferenti.il adsorptnm becomes 
less proiiouneed I'’iiilliennore, jireb'rential adsorplion should, from 
the.se re.siilts, be less Tiiaiked m the (a.^e t)t IIh’ acids than in the c.tse 
of the glycerides While (juaiilitative data on selective adsorption in 
ln|Uid .systems of this kind aie almost riitindy laeking, the eonclnsions 
cited are to be anticipated fiom adsor|>li<ui studu's in solid-gus svstiuas 
There is a fruilfuf field for invesligalioii Inue, [ireferaMv with -'iin[iler 
iiiisafurati'd 'j\,slr'iiis than are the naliiial oils 

Kideal ‘ lias studied tlu' rel.itive i.ite,, ot hvdrogeniition of the 
sodium .salts of iiiiiiainH' ainl phenvl pio])nilii ,uuK m presence of 
jialladiiim sol jirotecteil I'V gum arable lie loiiiid tliat at low sol 
coiicenirutions, the phenyl |iro|iiol.tle is hydiogenatcil at .i|)jtro\i- 
mately twice the late of the < mmimate under tie- .satin' i xpeiimeiital 
conditions This siiggi'sfs that the salt is not desorbcii from the 
sol siiriace until eum[ih'telv saturated and lh.it the propiolate laki's 
ii[i two hydrogen inoleriiles m the same time as thi' cninamato t.ikeg 
lip one. 

Armstrong and Ililditoh have reemitlv mdiealed - the variabilttv of 
tlic selcilivi' nature of the piocess with ililb'rent org.imc molecules 
Cmniiimc iildehyde is fiist hydrogenated to plienvl proiaoiiic .ihleliyde 
This latter is reiiiicod, but not ti.s rapidly as it. is formed iMienyd 
propyl utcohul and the correspomling ether are the mam products of 
tlie secondaiy reduction I'innamK alcohol is a ipiite minur product 
of liydrogonatiun 

Vavon'' has sbowu that, m presence of palladium blur k, carvone 


cii,.c; )CH-C 

\’0-ch/ 


\ 


CH, 

t'H, 


’ 'Iruiif Farad .S’oe . I0i3, J9. 90. * fimif cl/»rf. Aiigiim 1>, 1034 

’ Compl. rfnii . 1911,153, 63 
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ia traiisfornu'i! Iiy liydrogeii into catvotaimoofono 

,('H CH, 

''h'h- niitiy.., 

then into tetraliyilm-carvone 

('14 -CHi, 

(’HaJ’il;; ^('H Ollirila),, 

('() ( 11 / 

and Hnallv into tin* oorn’Spondin}; socondary aicohol. Arin.stronj; and 
obsorwd lln* ^amo H'aclion with nickol. Thoy also have 
shown that citru). 

;(’.(!l..(H.(1I,.('((’H,) (11 .(110, 

( 1*2 ' 

first of all, litroin'llal, 

‘ 11 :.. 

(\(H.,.( ]|.,.( IU.( 1 I(( 1 I-,)(H 2 (HO. 

( 11 , 

Snhsctjurnt hydro(:cnation churaHcnscd hy a j•rl‘(lolnlntln(•(• of the 
nsluction of the aldohydo ^roii)» with formation of cHroiifliol, wliu'h 
isonxTis.'s for tin' most jiart into iMipuh'^ol, whit li is thnn hyilroj».'tml.'(l 
to nn'iithol. 

Tin* hydroj»<‘nati(>n of carvoin* diUVrn tln-n from that of fitral in 
that, in tin* one cast*, tin* ethyinnic linkup* adjac 4 *iit 1 ti tin* t*arhonyl 
^rou}) is the first to he attack(*d, winiht in tin* other case the opposite 
IS true. In addition, the carhony] ^rimp is the last to he attacked in 
carvone ; in the case of cilral if disapp'*ur.s before tin* second elhylenic 
bond is hydrogenated. Here are mtere.stine jiroi)]ein< in oriented 
adsorption, or in bond stability. 

Vavon and Iii.s studenlvS have, multiplied such cases of seleefivo 
hydrop'natiun. They have studied the distribution of hydrogen he- 
t\ve(*n two un.saturate<l bodi(“s and between unsatuiuted groups in tho 
same eompoiin.f.^ The method of experimentation lias in eueh case 
been tile study of the rate of hydrogenalion in liquid system or in 
solution, using colloidal platinum as catalyst. Jlecently, Vavon has 
summarised his researches * with a view to showing that, the phenomenon 
of steric hindrance, familiar in esterification, addition of lironiine, to 
organic molecules, and tho reactivity of oximes, is also operative 
in catalytic hydrogenation. Thus, in the distributbm of hydrogen 

^ Sc.!', for cxampl*'. V'*vo» miU Kleiner, (’amj/t und.. 1923. 176, 401 : Vavon and lIuMoti, 
Comfit, und., 1923. 17<, 989; Wvon and Ivanoff, ComjA. rend, 1923, t77, 453; Vavoo, 
Comfit, rtnd., 1910, ISO. 1127; 191), 162. 1073; 1911.163. 08. 

‘ ^r. Gtn. Sci., 1924, SS, m. 
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betwvci) ail ethyli-nic livlrorailioii, (yfu. on Mu' om,' liand ami citliiT 
piin’iic or umii'oylcriK’ and on the otlicr, the iiiiMituiritfd livdrooailxjn, 
1!^ prof'rossivoly loss liydro'^ni.itcd as uc [>r<ir(‘oil I'roin otlijl 
projiyl ctliylono, tho straight <liaiii bmiv, to tniiiolh)! oihyl ottiyloiio 
Siniilar rosults arc ohtainod with iiiinariiii' anil, the a- and /3-iiiotliyl, 
and tlio a-(liinotliyi niinarnic acnls 



CllAPTKU IX 


DI'IIVUIUU.KNMION 

('AT\Lvrn' in«‘tlio(ls i»{ iiv(lr(ijrfn frntn (tr^nniic (‘Oinpouinirt 

hu\'' hcronn' im|i(»il;int in two liranchrs itninsirini clnMnislrv. vi/.. 
tlic pri paratiun of al4«’liv<l«‘v finin uci cnlinj^ to tin- »‘(piafioiis 

VJ\.,„ , ( H, OH " i |j,j, 

CH, Oil,. rllOi H,. 

and the i rarkin^' of liulroc.nf'ons nMo frai'(ion> of l<*\vcr ImhIihij: ponit, 
r <1 par.il!in> into p«‘lro!«;, h^ioin, la-n/cn'' ami tttlior aroinafh’ p<ilvc\a-!io 
hyiln narianis 

I’roi rs«,i-s of ralaUlir liVilrootMialion an- UMiallv r'-vcrsiMi- : imlrcil, 
thi> m in all imn'S wIhti- tin- pimlmts nMiiain m tin- saim' pliasn 
ilnrino livilioLa-nalion or di livdioocnation 

d iam. l)''n/rMi‘ ran li*’ ionv<Tt«-d inlo ryclolirMim* Ity livditi^anm- 
tion ovt'i' rvilncnl nn kid al TO -<>0 At 'JTo -’JMO rM |ii|if\ann 
iindn^ors dolivdro^iMiatioii to lirii/.i iii' in prosi-m-i' of I lie Kum- calalyat. 
Wo iiniv llam roiihidor tlio rraolion 

(',. 11,1 

as strii tlv n'vcrsililo. 

In this and in many otIi'T casos tla' prooosv ol hydro^mation 
jirocoi'ds most rapidly at lo« O Miporaluri's. liio I'lpiililirmm amoiitit of 
till’ iinsalnrati'd rompound la-m;. no^liojlilc at iln* usual ti inpiTaliiroH 
of (iprralion. 

With olovation of tlio O-mporaliiro all tin* <'ompon'‘iits of tin* 
svstoiu arn usually prosont in sullnicnlly lart:*' amounls to he lapahlo 
of nioasuromi'iit, and it is {uaclioallv'ocriain that m tin- liydrot'onathm 
of bon/A’iie below 270 the mpiilibnutn conslanl 

could be arrived at from citlu'r aide. 

Dougherty and Taylor^ attempted to evaluate this equilibrium 
» J. l'hij»Kul rhfm., I»i3, 27, m 
2»3 
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roiiRtanl at various tcnijicraturi’s witli iiirki'I catalysts but obtainw 
no H.itisfaitory data. Zvliii'iki .uid I’awlow ’ iisod [ilutitiiscd a.sbcHto; 
and fialladiiirn Tin’)' rIiowciI tbaf dcbyiirof^cnatiuii of cyclolicxain 
was already inarkf’d at Ibo’ C and that tiic action bccoincs rapidly 
more marked as tlic tciapcrafiirf rises i'latiiiiim and palladiuiii arc 
siijHTior fn nickel for flie jiiirpose.s of an eqiiilibriiini .studv. siiico the 
iiiithors note tliiit no deposilnm of carbon oei’iirs even at 408''C 
Zelinski sliowed that tlie dehydration was selective, in that other 
saturated cvcln liydroiarboiis could not he dehydrogenated Thus, in 
a mixture of cyclohexane and cyclopeiitane only the former under¬ 
went the deliydroeeniitioii process, wliieh (ould therefore be used as a 
ineftiod of .sepuratnij' such liodii’.s Zelinski has ,i|iplie(l sueli processes 
of deliydrojieiialioii to a studv of the eonslitiienls of tlie naphthenes in 
miliir.illv oei nrnii;’ pelroleiims. and has shown that iiafiirai na|iiitiieiifs 
ol pi’troleiim ale iiiaitilv (vdnal but are lint !ie\al)Xdioaroinatie 
compounds ‘ CyeloltexaiK' always ) ii’lds ,i v.iiy me amuuiit of tiielliaiie 
will'll iinder^oinjs eatalylie di’li) droeeiiai ion 

whilst iiietliaiie resiiltiiie from the hvilroeeininoii of e.iilioii iiionoxidi! 
(it 18(1-211" m tlie jileseltce of rediiied iiieki ( loiiUliemes to undergo 
(lehydrogl'nalion with the deposition ol (arbon at -5'i" 
t'll^ -V Cl-.'ll. 

Owing to (he low va[ioiii pie.ssiire of eitibon ,tl these leiiiper.itnres, 
reiivdrogenaliori ol the deposiled i ailnm does nol pioi e> d on ]rn\eriiig 
tlie temper,"me to 2"". and |>r.Mtuall\ ioiiipl<ie rfiiiovai ol the 
niethum’ may be efter ted 

Tlie rever.sibility ol the liydrogeii.ition j)ro(i's loen m tls’ <’ase of 
fatty oils, IS imlieated by a patent to lw\e\ .■* wlm < hums dehydiugeiia- 
tion of auch bodies by .sidqeeting tliem to the ai'timi of a catalytic 
agi’ltt in the vapour phase at tempemtnies exieeding lliose utnler 
which liydrogcHution is iieeoinpli.slie<l Normann ' lias i onlirnied this 
behaviour, uInch occurs e\i-ii in the presence of liMliogeti although 
better results are oblaiiied liy using a current of another gas. pre¬ 
ferably carbon monoxide Normann suggests that tln-M' results allord 
a po.ssihle i’\[)tunatii)n of the dirtieiilty ol reduemg the io.line nuiidier 
ol an oil to zero b\ catulylic hydrogeiiatiou and of the appearance of 
new niisaturuted acids iii the oil-hardening process, uHing to tlie 
addition of hydrogen atoms in one part of the moleeiile and the splilting- 
otl of others elsewhere ^ Brochet records anomalous ie.sult.s witli castor 
oil,® which indicate that the same pheiiomeiioii may occur with this oil 

’ Ikr, lU.M, 56. ICW Sfi' nisi' Zilmslo, llrr, mil, 44. 31JI , ItUi 45, 

* Her, lU.M, 58 787, 1716. 1718, 17g,l •' t'sl' 1J7«SU 

* (’hem I'liisrhaK, lyJS, 30. 3, .7 Soc ('Aon /nrf, IMJ, 43, HIU 

'Si'cC XV Xloori.g ^vc <'hm /hJ , 1019, 38, 320t , Hilditfh amt (' W M-inre. J 
l'A«m Ud , 19JJ, 42,15l ‘ Bull See. t’Airo , 19 >J, 33. 836 



Thk Preparation ok Alokuyoks from Au'ohom 

W(* havp a!r»*a(]y noti'd that, in tlu' proparafion of formal(lohyd»^ 
from methyl aleuhol, the itnlial stage of the roaetion is a process of 
(le'hvdrogenatiun : 

but, owing to the fact, that all catalysts lutherto employe<l to l)riiig 
about this reaction grarlually lose their activity, for some cause with 
no satisfactorv exjdanation as yet, the preparation (d formaiihliytle 
has heon transformed into a fractional eonibustion process, The 
higlier aleoliols of the ahjiliatie serh'S, as well as Hromatie alcohols, can 
likew ise undergo conversion into ahlehydes with climinaiion of hvdrogen 
in the presence of eatalysts. and as such catalytic materials do not 
appear to lose tluur activity appre<‘nibly even with prolonged running, 
the technical dcvehtpincul of such processes has been possible 

The dehvdrogeiiation of pntnarv ah-ohol^ is a r<‘\crstblc action : 

It.('ll, OiU'"K Clio* 11... 

Iivdrog('nation of tlu‘ aldehyde^ in the presence <»t reduced nickel 
]>roceeds rapidly at If'O in the ease of the alijihatn' rompoiiiids and 
i)eh»\\ for aromatic aldehydes. 

Hide.d ‘ has shown that with ethyl nn«! isopropvl aii’oliols the de- 
liydroi'enation eijuilibria tan be faiily salisfae1<>nly ih-teriiMncd at low 
pressures of the gaseous system, and that the results obtaiiwd could 1m* 
utilised to c\aluat(* the thermal data for the reactions, Thus, for the 
dehvdrt'genation of cth\l alcohol a valin* of All cals, wans 

obtained, in fair agreement \Mth tlaia fnuii thi* hi nts ol eonibuslion of 
the orgaiiK- substances. 

At high temperatures, liowever. tw'o other imjiortanl .side rcaetions 
proceed With measurable \eloeilV, tending to lower the \l‘‘ld of 
aldehyde ; 

(u) The formation of saturated hydrocarbons by elimination of f'O : 
H.rilO t iV 

llelow only small amounts of hydrocarbon arc obtained with 
the aliphatic aldehydes, but the loss ilue to this reaction is usually 
somewhat higher in the aromatic senes. 

{h) Dehyiiration of the alcohol w-itli the formation of unsatiiralcd 
hydrocarbons: 

U . CH 2 . au . on Ji. CII : ('II 2 4 II 2 O, 

a reaction wdiicli proceeds fairly rapidly at in tfie presence, of 
catalysts. 


1 rnt. Ho^. Soc.. J921. 99a. l.W. 
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The employmeot of metallic catalysts m the preparation of aldehydes 

— III file Ponvermoti of etliyl alculiol (o afetal'lelivde metullic copper 
olifallied hy rcdiicfion ol fused copper o\iile, pives (lie most safislaf tor\ 
lesiilts [''oniiutioii of iiidi'livdi' c.iii alieady be ob.sened at lull 
(lie o])(iiriiiiri teniperafiir<' for operatioii lii'S iii the uiueliluuirhood oi 
mil’ with a permissible latitude of some 2iV' At I2i)' more than 
J6 |ier cent of the acetaldehyde is converted itdo ludrucarlioiis With 
relatively low space vel<H'ities (ii)ai 2l«l) a 2li jtei unit l■ollVersl<ln e.ui 
be elle'tixl at iioim.il leiii|»(Tal.iire' of oprranon 'I'lie icsiiltiiie 
Miixtiire of ald(‘liyde and aleohol va[ioni iiiixi'd willi livilroeeii and a 
viry situill (piaidily of ald'-iivde roiuleiisalioii proiimts are passed to 
a relalu'elv !ar"e coppei fr.o tionatiii" eohiniii wlieme lhe alcohol 
can be recoveied and retiirix'il in the pieiie.iter situate in front of tlm 
<a(al\st tiiltes 'I'he aldehvde and hydrotreii reeoverei) from liie 
midille seftKjii an<i lop of tie' <le[ili[eenialinji 'oliiinn respeetuelv are 
]»riu tn iiilv |mre It is said I Ii.il the t luiversion ol ahatliol into aldehvde 
bv tins means is attimded with a loss o) ivel! below iO pe| < lail when 
(he due preeaiilioiis are taken as reeards leinpcr.ihiie eonliol 

I'ropth luilvl, isoliiifvl. and isoanivl alirjliol uiidereij siiiulai pro- 
(esses ol delivilroaeiialnui witii lonnalioti of liie reipedivt iddehvde^ 
at leinperatiiies vaiviiie lielween 2211 and lidi' iii (he present' of 
mefallie loppei ihnive.nilt ’ tiles tiii' ih'livdroecliafioii ol dei vl 
aleoliol. (',||l I ,| Oil under led n I'd (tiissun b\ siioihu iinaits 

The most llioioiieli shidv ol lhe ilehv(liii^enatlon prixess at a 
(itp|ier stirl,u e will) a senes of I he s.it m.itetl .d< nluds has been made by 
I'almei ami bis tissoi lates - The (iiil'laiidmir lesidt ol tlu' woik h 
that, on a jiiven eal.iKst, the lales <i| dilndie”( naiioii of tli<‘ primarv 
ah'oliols, ethvl, (tro[n I, Imtvl, isolmlv 1 and isu.miv I, ao' alii ipial wil hiii 
lhe limils of evpeiitiielital ernn .iml lhe letiipeiatiile (Oi'lfUK'Ilt 
is (lie saint* loi all SeCiimlarv ptopt I .ih olml le.n K w ith a \ I'ineit \ 
tdnuif live rimes lliiit ol file piliiiaiv ah olmls and has a slielulv hiyher 
Icmpenit me eoellieieiit The lesiill', t.iken ui i oiijum tnui with the 
prohalile tissiiniptnui that (lie aitnatetl litiT nf imdat uias uiu- 
iiioh'iuiar. sliow tliat ihese altoliols are adsorbed willi the t'H.OH 
jlionp in eonlael with tlie (oppt'r siirfaee and thf livdiot ,irbon eliains 
perpcinlit iilai to the Mirfaee Consiabh* hi tin* last ot the muk's of 
ihesi' le.seari lies, shows lliat tlie tea' tion \ eleeil \ at 2')t) (' wilh eilivl 
and Inityl aleohol' was independent of tin- [>le^sllr^ m the r.inae 
Ki-ltOem of mereurv If is evnlnit llurefore that, in this pre-.>iire 
raaye, the Slirfaee is [imctieallv roveied with aleohi.l muhsules and 
the mean lileof the molecule in the at (ivated iimmoleeulai Liver i iianees 
onlv slowly vvith tlio pressure ovt‘r llie raiiire invostmated 

The )nve!,(i<;afimi of (Ins reaitioii has been extended bv Saliatier ^ 

‘ IMt .w chm, I'SIS 4, t. V', it') 

n’riH fov ‘V. IS.’", 98i, H. lU.'l, 99v fd, llljj. ion Its I'lJI. iCI9s JVl. 
IlIJS, 107*. :‘W, 270. 27. ’ In>- ' A|>« (Wv , Ilsr, g, I. JUT 
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uihI l)v Bouvt'iiuU * ii» M-roiuJarv alrolufls of tho alipliatio serios ua well 
as to a ctTtain nunil)(*r of arojuatjc ahjifuitic derivatives. 

Owiiij; to the fart tliat tJie keioii^'s pre])ared hy tin* de]i\droj£ei»ation 
of the .^efujuiarv a]e«)hi)l^. aeeordiiia to the ^(‘ueral reaetion 
H 

('ll. OH > (’OiHo. 
li’ K' 

air Miorr si.thh* tliaii the eolre‘'|)(mdiiiL' ahlehy<les. 

H H' 

CO or 'CO. 

II 11 

lernorrallue-' Iiiulier than iiixt cm U'<uallv he adopled. r<‘sul(iiie in a 
more eth‘<ii\e coiivrr''um i>f ahadiol Hilo Iceione Iiv om* passa}.;e over 
the ropp.t e.itaK.-l Sahatief stales that temperatures up C> KXC 
can he rmjilo\ed wi! h safei\ and that a i otiv i isnm of mr»re | hati 75 per 
i-ent i an he et'lr» tett h\' 1 Ills llie.iii'^ 

0( h\drorriiaiioii of isoptopvl alcohol eommein-i's at |5li whilst- 
Im'Iow .■»(»! tin- htvs due to the fotmattoii of prop\l«-ne is ncLdiyihle. 
2 15u1\l and 2-o(l\'l .tleolio! an- com]i.iiativeK easdv deli\droeeiiale<l 
at .”' 10 , uliiUt the lonnalioij of the unsaturated h\'<lrtMarl»ons doe.s 
not lomnn-in e to he appref-i.ihte until ItH) 

Ahpli.itte aholiols <'oniainini: a douhle bond, r«/ ailv! ideoliol, 
(’ll, CM (’H, OH. are iisualU eonverled into the ^atu^!^led 

ahlehvde.; 

CIU CH Cll, OH - Cll, C||,,.C1I0. 

ii simultaneous pioeess of d<'Ii\droe.niation ami liydrottenation. 

Aecoidme to I’oUVe.lult” eeianiol Is an e\eep1|on. Mtiee eltnil is 
praelnallv tin* onh' piodml prodined h\ passage »iver reduced copper 
A\ 2<Kt under icdltecal ph-sure 

c.ciij c Cll, 


II,(’ 

1 

('ll 

1 

II,(■ 

1 

('ll 

1 

1 

lUc 

1 

('ll, OH 

1 

V H.,c 

1 

('HO 


(II 


('ll 

ni., 

('.(’II., 

CM;, 

('.(.'ll, 


Ucraiiiol. ninil. 


TIte ahsence of eymene iti the eitrai. which can f«* easily formed 
hy flte ejimination <»f water and closure of the rinn. is under these eon- 
dilion.s of dehydrogenation Hotnew’hat tjm*.\p(‘cte<l. UoriH'iil. likewise, 

* IXf^. ctt. 


' Hull. Sne llHHi, 3. 35. CCA). 
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can bv converted practically quantitatively into camplior at 3<-)0° ’ 


Cllj 

cir, 

-e;ii oil 

1 1 i 

CH, -C - - VO 

1 

i CIL C CH., i —^ 

1 1 1 

! i 

1 ('^3 V CH, j 

1 1 1 

cii.,- c - an., 

1 1 I 

CH,, -C - -CH^ 

H 

II 

IIiiOli'ol 

1 iiii|ili,ir 


III the presi'iicc u( nn'tailK ciippi r. I» ii7,vl aicniiol nndiTgocs jiartial 
dcbydrogi'nation at Init at iWd-’ a poor moM of ix'iizaliivliydn 
i« obtaim'd, dcgradatioii to foliii'tic and licitzeiH' taking place 
simiiltaiicnusly 

Till' ('oiiverfioii of plicnyi ctliyl alcohol, on the other iitiiid, iiilo the 
(•oires|)on(lin" ahleliyile is eiisilv elfecteil uinler ri'diiecd jncsMire 

Salmticr niid Si'iiderens* liave investigated the deludrogi'iiiition of 
tlie iihoholic d('n\alU('s of eyi lolievaiie \ViiIi ( \ i loliexaiiot itself, the 
(ytlohexiine produced at ,‘1(KI iindergocs Inil little seionrhiiv deconi- 
position. blit with (he vanoiih niethvl i)ilohe\aiiolh bv-piudnit'^ sui h 
as (lie luisaliimled ring eonipoiinds and ciesoK iiieieaic in iiiiioiint 
with elevation of the leinper.iliire 

Kiioeveiiag-'l and lleike]-* rerord an iiiteresline case of etlier 
foimalion willi inet.illn eojipm at 2iSi' 

Id'll 

(;ii Cl) (HI cjj. * 0 1 }f, 

('VHi)d'ii 

whilst the ((inversion into beiizoiiheiioiie 

(VI.-CII (HI ''CO ill,, 

(VU 

nenirs when lieated in the abseme of copper to 2 t'iC-on‘i Sabatier 
cites (Ills I'NH tuple ns I he only e\cep(K>n to ihe prni esses of deli vdrogena- 
tion cafiilytieallv atcelerafed b\’ the [ircsenee of icibiced copper It is 
int«Tcstiiig to note tliat these observers found tlial (he [ir.'pnraiion of 
ben/(i|dienoiie by thus [iroeess ot dcliydrogeiiation foiild easily be 
eOected in the [ireseiice of palladimn Idack Nickel is even mon* 
iclive tliau cop[x‘r as a (lelivdrogeniitKsn cutalyst Thus, ctlitl and 
he (ilhei aliphatic alcoin-ls already uiulergn aj'preciable coiiversKm 
aniie 50 degree.s below that found necessary ni the [iresence of copper 
Deeriidulioii of (he itkielitde or ketone produced h, however, as a 
itle, much more marked, thu.s hunting the utility of this metal For 

* I Aim Phys, 191)5,8, 4, 467. 

’ Per. W3, 38, ?8I8 
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exain))lo. 7") per of th«* propyl aMolivdo producoil hv tlio dehydro¬ 
genation of projyvl aleohol at 2CU'^ is de.str(*yed dnriiig its pass<»ge over 
the eatalyst material. 

Sabatier ami Senderen.-^ ‘ stati* that reduced eolialt is intermediary 
between the last t\V(» elements in eatalvtic activity, whilst platinum 
and palladium exert an activity similar to that of iiii-kel. although 
.s«‘condarv «leiiradatlon does not jiroceetl to such a gn^at extent 'riiiis, 
in the deliydrog»Miation of 4‘tiiyl ah-ohoi in llu“ presence ol plaliriiiin 
l)la<'k, althoiigli conversion <'omnn'm‘e> at ‘J7(t the rapiditv of C4»n\er- 
sion is not marked until a temperallire of d7ti is reached, wlnm a 
7-') per 4“enl loss of aetUaldelivib' is obtained as a result td seeondarv 
d»‘gradations into methane and carbon ; 

V ('ll,.(’IK) i ll„ 

('li^.CIHl A (’ll, i CO 

Kxperiments with Imth /.me ami brass have givim iin.safisfai torv results, 
aeeording to Ipatiew.- Iml br.is> has been ii.sed t*M-hnieallv for the 
dehvdne.fenation (if (‘tb\l ah olio! 

The use of metallic oxides. In the preparation of fotmaldehyde 
from methyl alcohol we ha\e alreadv iiote<| that the use of eeiiain 
oxid'-s, nolablv those of abiminiiini ami manganes'*, as ealalytie 
materials has been atlended with delimte althouiih somewhat poor 
vields oi t he aldelivde 

The extension of the Use of crtlaill oxides to the di‘h\i|rogenat loll 
of the iiigher aholioN has been made by Salialier and Maillie.'* who 
arnveil at the comlusioii tfiat tiiev were less satisfaelorv than the 
metals owinu t<i tlietr lower reaiitXllV. thus tleecssilallllg the use of 
liigher temper.itures with a TcNiiliiug iiaieas** in llie seeondarv forma¬ 
tion of hvdroearbons aii'l laiiion monoxide These inxesiigators have 
classili('d the oxnh's inx’estigaled into thn e groups . 

((/) Those in wliieli the ealaivtie aetlMfy for pro' i'sses of dehydro- 
geiiatnm is most mark'sl, ( »/ 

U.Cll, (HI > ll.CHO r II, 

These include uranium. mol\lideimin. zine. ami vanadium oxides. 

(/*) 'I'hose in which processes of dehydration an* aeceh’raled. e y 

H.(’H3.Clla.(m V II.CII ( Hji-ll/), 

imduding non-raleined ehromium oxide, sihea. and titanium oxide 

(c) Those which acc(‘|erale(l both reaitions; including the oxide of 
glueinum. zirconia. and ealcine«l chroiuiuni oxide. 

With manganese oxide. de}iydn»genatn»n of the aliphatic alcohols 
does not eoininence below ‘V)(i , at which temperature the conversion 

’ Ann i'him. Vhijn., jau.> Oiii.), ♦. 47.'1. 

* Ijiali. w. fUr. lam, a4. r>711. nii.t liMU. 37. gWll. 

* Ann f'hvH /’V. 19i0(vui). 20. .713. 


V 



m "CATALYSIS IN THEORY AND PRACTICE - ‘5h, 

IH only <ino-forti(‘tli of that brought about by rediicod copper under 
Hiinilar conditions, and flccondary decomposition is already quite 
marked 

Both the oxides of (.adimum and tm exhibit interesting plienomena, 
111 tliat tlieir rciutivitiCH at ‘i<H) are comparable to those of metals; 
simultaneoiis reduction to metal, however occurs The luetah tliem- 
selves exiiibit marked catalvtii uetivity above their melting points, 
blit owing to the gradual growth of large drops ot tlie liijind metal at 
the expense of tin' smaller ones on account of their smaller vapour 
pressure the active surface of the e.ir.ilvst is slowlv reduced, cau.sing 
a (orre.spoiiding reiliictioii in the spai'e time yield for a given size of 
converter 


Tiik Cua( kim; or Oii.s 

The ' I racking " or resolution of livilrocarboiis (jf lugh lioiliiig point 
of till' uromatie, am! more especially of the aliplialu', scries into siiiniler 
hydroearlions, both satuiated and iins.itur,i1i‘d, of rehilivelv low boiling 
pom1., IS now a well-e.stiddislii d imliisitv In jirimiple the iiK>st 
elleetive agencies for at coiiipli'-hing these (hanges are temperature and 
])reKsiiri', but tbe intliience ol (iitaivsts, apait from the specific action 
of surfni'e (oiitact. both on the \cloiil) of (oiner'Hui ami also on tlic 
nafiiie of tin* product obtained is .so imiiki’d <li,it tlmir industrial 
.signilicuiic e IS now a m.it ter of im|iorl.iin i' \t the same time, a study 
of their ladniMoiir, alllimigli not tliiouing minli lieht on the nature of 
tlie eatalvtic processes involved, m giving vnlualile information as to 
(lie mefhoils of hiim.itlon of tile V.ilioii- piodm f-. Ill tin' p\ ovgiUielic 
de('om|iosilioii 

To Miiulmk (1T'I2) must lie given tlie i redit for the observation 
lliut (lie ellerl of hemt on heavy ml was tri pioduce a gas suitable for 
illmniiiation Since that time the irarking of he.iw oils has been 
stiniiihitod l)V tile following factors (i) the lelalive im rmsc in output 
of very lieavy oils over parallin. petrol, and iiatiir.il gas owing to the 
iiiereaserl rate ot eonsiimiition of the latter , fii ) the increased demand 
for petrols and petrol cfliens as fuels for internal comtnisfinn engines 
and solvents, for paraftiu in (lie statimiarv power engines of small 
size.s and for illmmnation, ainl for aromaiic hvdrrieariiuits a,s taw 
materials m the clicmical imlustries 

Tlic primary decomposition of an aliphatic livdrocarlion into its 
simpler constituents prior to the rearrangement by svntliesis of these' 
decomposition products into open- or closed-chain hydrocarbons is the' 
explanation of tlic 'cracking'’ process now gcncrall} ailoptcd All 
evidence ’ ])OUits to the hypothesis that eatalysts exert a considerublo 
activity in the deeompo.sitioti of the original hydrocarbon and may 

’ the oan'fiillj vsimpikJ liUratua' bj UtfiisUn, »tid Tliole, J InH Pei' Tt<A., 

iai« 3.1). .le IJO 
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exfrt a mark'pd iiifliiencp in the aecomlary syiithcais. Since, in general, 
dograclatiim and syntliesis in the reactions cannot, be .separated, th« 
exact functions of the catalysts employed must be considensl at pro,sent 
as merely spectilative in character. 

Two alternative theorie.s have been advanced to interpret the 
mechanism of the first or ill-sintegratint,' stage of the rrackine proce.sa, 
that of Bert helot * and the more recent one of Bone and (loward 

According to Berthelot <tisru])tion |iroceeds in stages with the 
primary elimination of hydrogen, with or without the simultani' 0 u.s 
formation of methane and the |>roduetion of an olidiitic hydrocarbon 
containing one or more double bonds. Tims, ethano may be con¬ 
sidered tsi undergo the following alternative or simnltaneons pyrogenetic 
decompositions: 

Ojllj Hjt:: tdU l 11... 2fU’; 1:11.^ t.'.jr„ l UCi ('ll 

it ‘ ‘ 

ito.cif t Ji, 

2ail,.^_.^ HC.t'll I 2(TI, tit, 

h 

('jH„eIU. 

Th«* intornK'diarv fortnaii<»n of oldiiu's as wrll us of di- and l-ri 
olfdnu's flunii}' tlic th«*riiuil df'com[»osition of a paralliri is a well-known 
pliiMiomfnon, Inivin’f lto‘-n (‘ 0 !itiiine«{ liy the rcsearrlifs of Thorjn* and 
Yoiin<.'.^ Haber,'* and others. It is, furthemiore, a matter of j^reat 
teehiitea! iin|)ortanre in the preparation of motor spirits. sinri‘, fin 
stiira'ie, especially uinler the influence of Iifflit. the di- arul triolefines 
polynierist' to form a {zunmiy residue callable of makinij; the inlet 
valves of internal eombuslion en^nnes faulty in tlieir aelion. M<nio- 
olefines or cliain hydrocarbons with only one double bond do not 
appear to posse.ss these objectionaiile characters to such a hij^li de^^ree, 
and may be left in the spirit. Phis consideration should be mited, 
since the olefinic constiliK'iit of a i-racked petrol is a high one, and 
rjomplete removal would entail a heavy Jos.s both in spirit and m 
sulphuric acid. Fractional renmval of the di- and triolelincs cun be 
accomplished by scrubbing with I to 2 per cent of sulpluirie acid. 

Possible hydrogenation in solution by a catalytic process or in the 
vapour state at a low temperature suggests itself us a proitiising 
iltcmative. 

Jione and Coward, on the other hand, Uflvanced the nascent radical 
theory. On this view the hydrocarbon is considered to be at least 
momentarily .split up into radicals, --CI 1 , --(’llg. and -CH 3 , having 
a fugitive existence and undergoing immediate polyrneri.sation to more 

* CWpt rend., 18W, 62, OOfl ; 63, 788 ; and «uH. .s’oe. Chwi., mi (it.), 7, 251. 

» J. Chon. Soe., 1908. 93. 1197. » Vror. IUh/ Sot-., 1871.19. .170. 

* J. /. a<uhekiuJH., 189:), 39. 177-830 ; lin., 1896, 29. 2091. 
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Imlrocirboiw, iisiuilh', Ii(m'<-V(‘r, «itii(iler fhr original raw 

Ill.lt-Tl.'ll 

The forinntioii of a double ln)nd i.'i ,iii eiidotiieniiic reaction, the 
iirst f*t:i}’e of tlie crai kiiie jiroccss thus re<|uiriiig th(‘ cuiitmuous supjiiy 
of u (oiisk)( ruble amoiiiit of eii.'ryy, tii a paniHiuoid liydrocarbon 
aiiiouiitiiii; to a|i|>ro\mmtelv culs |)er gnu -mol 

Hitliiiaii ^ lias (all iilatcil the vi-loiity eonsfants of the typical 
craikmg leadioii. C^il^ ■ 11^, at \arioiis tein|)eratures with 

the Inllowilig li-^lllts 

A ‘lOO (III.'T 

A ■'■'0 ooTi, 

A ',100 I :>s 

Thus, till' Tiiti' of doiililc lioiid foriiiJilinn or <oinmi'tKI'lueiit of the 
I'liii king pio( I'ss of I thane is alieadv qiiite .ipprcd.ihle at Gt.K) 

The formation oi a ilmlelme may he the result of the fiuthei elimiiia- 
tioii of lis ilrogcu ftoni .1 mono-olefine, or, at i ording to Ostroniisslenski,'^ 
due to tlieiinal (letmnpo'ittoii nilli the hlieialmri of a p.ir.iiliii liydro- 
larhoii thus 

f'll, f'll I'lL t'll, K - V ('ll. I'll CH (!||, I 1{I[ 

Tims fai, we li.i\e slnowi Imw in llie -iiriplf eraiking process the pro- 
din lion ol g.ises, vui h as nietham . liMllogen, the lov I'l p.iralhn hydro- 
taihotis, ,111(1 tlii' o|ltlne^, (.III he ,n(ninited ior Siirh )iro(lutt' are 
Iisiiaiu oht,lined in tin -1 lat king ol |iaMllin up to til hi , wlnKt. a, eordimr 
to itillm.in,’ pilml loinialion in.u alie,id\ he olit.iniid ,it .is low a 
tem|»i.iliire ,is ItK) 

The torniatiOD of rmg compounds, \iioiding to Iteiiheloi ihe 

foiinatioii ol ,ieet\|eiie IS |iossd»l<' in the prote'.s III degtad.ilion of a 
piiiallin mulei I lie inthience of icnipei.itiire and pressure with or 
witlioiit adeh\diogenatingciit,il\>i \lihough tic [iresein eof acefylime 
has ne\ei ailn.dl\ heen prosed, if nia\ he ,tigii.(| tiuit .dniost in- 
staiitaiH'oiis pol\meiiNition to ring com]iouniU takes place at the 
ci.M'king leinpenilnie, thus 

H 


t'li (*K' > 

K R 

ir 

Aecm'ding tti lUnie ami Coward sunil.ir restilf', wnmld lie obtained liy 
tile rapid polvmoris.vtKm tif the mi'ceiit radical (TI 

It must not be forgotten, liowecer, that llie formation of stable 
tmg eompoiimLs is also jiossnble llirougb the comleiisatioa of oletines or 


‘./ I'lJ A/iy r Acm. 1016, lOga. 7 '14', _ i»IA,8..’ti 
® ,1 Ax,. /%' f hriH *(«■, lom. 42. M.>, lOl.'i 47. I'MT 
’ J h’fl i'll]/ ('Act», lOl.'ianil lOle, 7, loi'i 
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‘dphydro^oimtion of a triol«*rHu*. \V«* have already noted that th<‘ 
foniiatioii of polyolefines is ]M)ssi!)le in a cracking' ]>rocess. and oiir 
knowledge of the extraordinary reaetivity of the system of conjugated 
double bonds: 

would lead us to suppose that evclie condensation wouhl pndiably 
proceed via a polyoletinie comp(»inHl. atnl not througli the hypothefleal 
intertm'dnirv formation of ucelvlene or of the still !nore nascent radical 
--CH Ipatirw^ has shown the fonnatiotj of cyclohexane from 
a-heptane via a : n*)ic‘xvlene. and Lela-dev - the formation of (he same 
• ompmuid from ervthrene 

(’vclie [lolvmelhvlenes and aromalic h\drocarlxms mav thii.s icsult 
from processes (d [lolvmerisation (d olefines, dmielines. and acelvleie's. 
or hy the formation (d closed rings fnmi <»pen eliains hv a pnnM'ss of 
dehydr(»genalion. 

Since, \\hwhe\er view he adopt.'d. degradation has to proceed 
further than in tin* pn‘paralioM of petrols before the lormution of 
i vcln- componnds possible, we would expect larger yiehls at liiglier 
(•ra<'Lmg tempiTal ures aiul especiallv m tin- presence of <leli\dro- 
g«*natmg catalvsts The optimum temperaliin* for aromatie livdro- 
carhons in practice is stated by Uitlmaii be Ix'tvve.'u bbo and 7<xr. 
F<»r Baku ))etrolfiim. Smnicnski. TurovMez. and Dobrovslski •* report 
tempera! tires of . Iieu/.ene, toluene, xvieiie. aiillii‘ai-en.‘. and 

uu})ht)talem' are among the prodin ts Above SIMI thermal degiadalion 
to carlKUi an<l hvdrogen c<immenees to be a source of trouble anil 
liydroearlion loss. ]>artlv due to the iiiiimate dis-'^ociali<»n ol iiulhane. 
<•11, < 211., O', win. h IS pKOtleallv eomp]et<‘ lin'l'T I at MKMph'Te 

[>ressure at 

It must not l)e forgotten that, owing to the eomplex lompohiiion 
of the natural oil Indore erai king, the resulting prodmt. when rrarlos! 
at any given temperature ainl jnessure id operalmn. will also In- <-omplex. 
Tims, tlie presence of ring compounds when pj-lrol is «lesii<Ml or viu* 
versa, or the occurrence (d a eurboii deposition in tin* retorts, slills, <ir 
.steel tubes, can .'•carcely lie asoided 

For the g.mcral etfect of (empcraliirc ami pressure on <-ra«'l<mg 
jiroccsses. as wi-ll as the relalixi' advantages of cracking in the vapour 
or Inpiiil state, the reader is referred to the papers bv Lomax, Ibin.stan, 
and Thole citeil above. 

Dehydrogenation of cyclic compounds. Sabatier and Semlerens * 
showed that cyclohexane at u temperature <d 27t) -2H() m the jm-seni'e 
of nickel underwent a process of dehydnigenalion willi tin; formation 
of benzene and methane ; 

* 1013, 46. 1748 - 7. /’Ay^. Chfm S„r . |',U3. 45. Il'lO. 

* J . Hoc. Chtm. ind . 1022, 41, 402*. * rend , 1807. 174, 618, 
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Mihstitutcd cyclohoxanf'S ami hydronaphthalenf^s )>ehavc in a similar 
fastiioji "RcdiKed copper i.s slightly less active/ dehydrogenation of 
cyeloliexane commencing only at 300®. 

The expcnments of Cobb and bis associates at Leeds University ^ 
on the reactions occurring among bcmcene and its liomologues when 
siilnmtted to conditions Himilar to those obtaining during the carbon¬ 
isation of coal, arc of intiTost also from tlie point of view of deliydro- 
gmiatiuii, and dcmonstrati' the operation of such reactions in the 
destructive distillation of coal 

t.’obb demoiiHtrat(;d that in a stream of nitrogen rich m benzene 
di'comjmsition sets m at teinperaturcH in the neighbourhood of 530® 
A solid jirodiut, dijdienyl, is one of the products of dceoiiiposition and 
results niaiiih'stly from a dehydrogenation pioeess aceorduig to the 
leaelion 

With increasing teinperatiiie an increased yield of diphenyl is oblaiiie<l, 
but, at more elevated tein]i(‘ratUTes, further (h‘eom|i(), -.1111111 sets in, a 
tliree-ring com[)OUiul dijihenyl benzene being produced 

Jt was denionstiuted that the atmosphere in which the reaction 
was conducted had a decisive mfliienee on the (leeoin[)[isitic)ii pioeess 
Thus, with livciiogen in lieii of nUiogen us diluent, the formation of 
diphenyl wa> redmed, with a siillnieiil. e.xeess y{ lijdrogeii the 
decomposition of bmi/inie was practieallv supjuessed .111 obseivatmn 
winch ('.\plams tlu- stalnlily of lieii/ene jii tln' [irocesses of coal 
earbomsatioii 

With toluene in niiiogen similar results were olilaniecl At CtM>® 
the two-iing eoin|tunncl hlilbeiie (<'|,ll, 2 ) was jirodineil In a hytirogeii 
atmosphere, liowecer, liydrogeii.Uion of tin' iiiolceiile arose with j)ro- 
iluetion of methane and benzene X\ lene behave<| m a similar manner. 

It ma\ be nu'iil loned tluil- siilistituted liydrogenat''<l ring < ompounda 
behave m a similar nniimer Tims pijicndiiH' was shown liy ('lamuiaii^ 
to undergo dehydrogenation over imkel, Ix'tween I.Sd^' und 250", to 
jiyndine. 

Palladium black is even more active than nickel, tlius, with 
cyclohexane, dehydrogenation c ommem es at 170' and proceeds smoothly 
at 20t)" At lower temperatmes, viz 1()0'®-Iii)'', liydrogeiiution of 
benzene oecnra 

Dehydrogenation oi open-cham hydrocarbons.- Hetweeu 350® and 
400® the aliphatic saturated hydrocarbons are dehydrogenated in the 
presence of reduced nicked, thus pentane is finally converted into 
carbon and hydrogen, although the intermediary products, propane, 
ethane, and methane, can be isolated. 

* ISalf&lu'r ftnd Mailhc, CumpL remi . 1903. (37, 2-tO 
* Sc© \Vm Young Memorial U*ture. Glasgow, Sept 1919 
* .1/0 K Acn)d imec, 1007, 16. 808 
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The uiisaturated olefirie hvdriK'arbons undergo siinilar <h.‘coinposi- 
tion, but part of the olefine at the same time becomes saturated.-' Thus, 
in the presence of reduced nickel at ‘MKf, ethylene is converted into a 
mixture of etham*, methane, carbon, and hydrogen. 

With cobalt, deliydrogenation commences with iron 

at 350'’, whilst platinum and c()])j)er ex(‘rt no catalytic activity 
below ■ttM)". 

Acetylene, as is well known, undergoes dehydrogeuatiiui and partial 
•polymerisation at. very low temperatures. Tims, in the cas(‘ of 
platinum black, the reactivity is already <juite marked at 150". Perrum 
reduetum is raised to tlie point of incandescence wlien c,\p<»sed to 
acetylene, with the sinmltaneous production of so(ft-. After a short 
jieriod the reaction vch)city l)econu> shiwer and i»artial p(tlymerisalion 
and hy«lrogenation of the acetvlene occur. 

Copper at 1?^0 alisurh.'i acetylene very readily, the pnxluct being 
u browni.'‘h-yeilow modification (••mlaining a hydrocarboji cupreiie, 
(C-lf,.),,.’ .\ccording t<> Sabutii-r the formation of cti])ri‘ne is the result 
of the intiTactum of a carbi<ie of <-opper |>roduced by the debydr()gena- 
ti(ui of acetyleiK' with fresli aertylene. the copper l)eiiig tlms do- 
carbonised, and able, tlicrefor*', to renew its eatalylie funetiiin.s. 

Small (juantities of cupreno can also lx* (jbtaiiUMl with reduced nickel 
in the presence of acetylene at . 

The formation of cyclic compounds by dohydroKenation. This 
process of dehydn>g«-iiation is a vrry usual <»ne in organic clll•n!isfry, 
atul owing to the ease with which six earl>on atom ring eompoiiiKts are 
formed by loss of hyilrogtni from ojie?) ehanis. lias hal to the svnthi'sis 
of aromatic compounds of liigli eoni]>le\itv 

Aluminium cliloride is the most <-iyecti\e catalyst for such processes 
of dehydrogenation, tin* vehsity of dehydrogenation iieing frecpienlly 
already appreciable at Wt' and \igoruus at 1H0‘. In common with 
other j>yrogeiietic reactions, simple pa.s.sage through a r<‘d-liol tula* will 
ai'complisli the same end.s. but the yield is usually much smaller owing 
to the process of d«‘gra(lafion jjroeeeding further at such elevated 
temperature.'*. Ibxlnccil nickel is also an active <-atulvlic inat*Tial, but 
the necessary temperatures to b*‘ maintaim'd are u.sually c*msnhTably 
higher than with aluminium citlondc 

As typical syntln’sc.s, the following may be nienlionc<i, sliowing the 
jradual formation of polycyclic compounds of high cemiplexity. 
lithvlcne yields benzene: 


> 1+314. 


The researches of ipatiew and Aschan ^ showed that polymerisation 
md dehydrogenation would proceed rapidly at 275'"' in the prewnce 


* SabAtief sod Sendrrvns, Bull. Soc. Ckm., 1899, 2], 530. 


* lAte. cU. 
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of aluniitmini or /.iik dilondo i)il>(‘iiz)l b mi'ully tonvcrtod lu 
lifit-iiatitliroiu- and a-t-thyl tiajilitlialciia info aciDaiilil lioic by jiassaj 
throu^'li a rcd-liot tiil'v 


(’ll. 



Cl!, - Cll, 





riitri.iiilliii'lii 


''11,Cll. 




Till' sviltiicsi.s of lluornii', 


CJI. 




<iin III' Imoii|'IiI uIxoiI III .1 siniilai m.iiiiii'i 

Si-lioll iiiiil Ins (<i wniicrs* liavc 'i|»n’i.ii ;itti (itioii to (In ii.sc 
of alnmiiimm I'iiiomlc iii Uic InniiatiDii ol iioIiimIk ilcriviifni's nf 
ti,i{'litliai('iii‘ mill .iiillirai'i'iii' Ttub, iliii.i|ililli,tl*‘m' i' I'.bih i i.tu I'rtnl 

jiiln |icnl<'iii' 



' Il-r. 101(1.43, 1737. .’.'IIJ. .niimlf", lOL’ 394, III 
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In a similar mannor ph<*nyl a-k(*toiuij)ljtlial(‘no can be dohyilrn- 
genated at 140^ to produce benzuntlirone : 

(‘0 

\ \ \ 

I I i I ! I 


(’atalvtie pnK-esses of d«*li\dri)g»‘nalioM ean also lx* appliril to the 
fonnatioti <♦! lifterocyelic conipotinds. (’iirrasco and Padya ‘ sliowed 
that diniethvl o-tolmdiin' in tin* pn-senre of n*duci‘d niekol at .’WHl' 
was partiv converted into nntlianc. toluidiiie. and nn'thyltolnidine, 
?nor<- than 24 per cent of methvlmdol being. lio\ve\<T. ^inniltane<nisiy 
prixliiced : 



('ll, 

1 


1 

-N- 


. (',11, ('ll 1 II.,. 

'■11,1 

('ll 


M<*thyl o-toluidine with Hinilar tieatiiient yields a small (jUaiitity (ti per 
cent) of iiulol 

Use of metals in cracking processes. In Herthelof mtted the 
catalytic deconipo^ilmn of aietvlenc to carbon and hydrogen in the 
pre.senee of linelv dividc'ii iron 

.Moissan and Moureaii ” contirnied Ihatlndol s n-sulls and showrd 
that cobalt, and especially nickel, whin freshly piepan'il. exhibited 
similar marked activitv. 

In I'.tlO O.stroinisslenski ,"ho\ve<) that cnidc* Hiissiaii pdrol- 
cum. when passcsl oyer reclined mi lo‘1 at titHt -7iK> . was l•omplelely 
di.siutegratc'd to hydrogen, inelhane. and a carl'onac*-oii^ r«-sidii(‘. 
rbldehodi','* working at .'riO . sliowed that tin- eraekmg jn'oeess had 
already commenced to produce' lighler dislillales at a ic'iiip'-ratiin some* 
lot)' lower than would be nece^sary m thi' aliseme oi any ‘■atalvtie 
material •’ Zanc'lti ^ eoneliisively sliovM-fi from e\pcTimenis on piopane 
and l)utane that niekc'l was an elb'cltve ealalytic’ malcTial in the 
])reparalion of ])et rols, but not for t In* formation of aromatic- sub.staiic'es. 
'I’he.sc ob.sc'rvations feerm the- basis of .si'yeral patcmt.s.’ Several jmli'iits 
have likc'wise been taken out for tin' use- of nieki-l as a ealalvst, for u 
mixture of pc'troh'um vapour ainl Iivdrogc'n. so that c rac-kitig of the* 
oil with .siinultummu.s .saturation of the oletinc*s wmihl take* place'.'* It 

‘ U'azz>Ua. MK'7. 37, l-'NiC * 122, 

’ /iviK. cfiptti Stic. imu, 42, no 
* J\lrt>Uutii Xfit. 1912 (v».). 9, 331. 1233. 1911. 

‘ N.' UmiilooKh, B.r. I'.ITOJ Ii)l2. " ■' Ind. K'«l >'!''»■ Bill', 8. I'l'l 

' Hall, H.P. 17121,l!ll.1. and l'n'»l"n. II 1’. 2287(1 Hill, aii'l "ll.'ni 

' Mullips ami llntlvll, II.P. 23977,1»)7 ; I’lanra. I.ld , HP. f'24.;, 1913. 
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is, of ooiirso, unlikely that any process of scooiuUry saturation would 
occur at the elevated temperatures, 350‘'-4ri0'’, necessary (oi tliecruckiiig 
process itself 

The experiments of I]mti(‘W, Englcr, Kuznetzov, and others showed 
that copper, iron, or alumiiiiiiin show'cl no advantages over inckcl as 
catalytic agents We may conclude that the use of reduced metals, 
csjieeially nickel, in craeking processes is of some materiHl advantage, 
when petrol is the desireil product, in the presence of such a catalyst, 
the cracking (emperature is a[ipreciah!y lower, the formation of aromatic 
(oni))oiind3 pnuticully eliminated, and the olefine content of the 
linishul spirit may he slightly reduced by secondary hydrogenation 
'IVehtiieal dilliciilfies, such as the depositi<m of caiiion on tlu' surface of 
the (iitiilyst, must, however, he expected 

Use of metallic oxides m cracking processes. -.Vlumma ‘ and 
tilamuni dioxide ^ exert a slight eaUlytic mtivily at p.ir.ilhns 
lying I'artly dehyiirogenated at this temperatiin', wliilst at higher 
temperatures the yield of aromatic compoiimU is smiHilily increased by 
tile |>reseuce of such I'atalytic oxides llirschhorg-' (.laimed an extra- 
ordimuy aetiyity for chromuiiii oxide prepared hy the n/mlton oi 
iiiiiinomiim Inchiomate 

lputi(‘w was iiiile to isolate yurious aromatic hydioiarhoii' from lly 
residuesohtiuned liv the [tass.igr (»1 ethylene ovtTalumina ,it liSd'-liJti 
uiidi'r 70 atmosphcjcs prcssuie in Hie .ib.seme of abiiiiin.i, ivelic 
|>arai!iiis and oletines onl) were oblaiiied Similar le-iiilt^ v.eii' 
ol)laine(l !>y this invest)g.ilor with cyeloliexaiie .it ‘lOO umier high 
prcfcsures Witfi /'-hexane at I'.’H’ iindei normal |)ti‘.ssini's no .iioiiialic 
sijlwtanees weie obtained 

It may be eoiielilded that llie use of the oxides ot aluimmum, 
liktmnm, ami tbiomium might lie of slight viviee where .i high 
yield of aroiiiiitic hydroearbons is domed and the ('i.uking procens 
eondiietisl under eleMit.ed prt'ssures 

Theb'riedcl and (Tafts r/xu tmii where the halides of (crtaiii elements, 
es[)eciully aluniitmtm, ate used u.s lat.ilytic agents, lorm the basis of 
■several patents on t racking [irocesses ’ 

It IS elaimed that “ heavy" petroleum is reatlily eonverteil into 
aromiitio hydruearboiH whilst Hie polymerisailoii of the oieliiies 
procecd.s lapidly in the j>resencT of the liabdos oi aliimiimim ami 
zinc 

At- high 1ein])erature.s, cim MKHt'", niothane and the siiii['le olefines 
only resiiit,^ whilst at very low temperatures poUmerisation to cyclo- 
jtaralliiis occurs Ipatiew obtaiued a good yield of naphthaleues at 

‘ t'lliHiiiJe, /(«r fU. * ZelttMki,,/ Rvm i hm .Sk , I'Uy 48. bln 

* II 1‘ 1411/4.17S. laiw 

* .Vtlicl. HI' ITW/ls::. lll“ 711i/l!»i3, HP IT8M/I9I3, anJ McAIoc, 

'll’ 22243/1914, USP lJ2T4ti5;ll»15, iJsog, /nd Eruj , 1913. 7, 73' 

* liuiiUtaoii, J Rvst i'Xy.' Chtm Soc., 18S1,13, 1149 





375®, from othyleno at 70 atmospheres ])re8suro in th(‘ presence of'Rjnc 
chloride ; aliiminiuin chloride was even more active. 


Tsoi’iiKNi': 

In view' of the importance of the jjossihlc teclinical <h‘veiopmeut of 
a process for producing rubbiTs and even terp(‘nes such as camphor 
from coal tur, sliale, or crude oils, it may b«‘ mentioned tliat the simplest 
hydrocarbon which oilers a r(*usoiial)le opportunity for an e<‘ono?iiic 
synthesis of these substanct's is hemiterpeno or isoprene {imdliyl 
divinyl), Cyi^, or one «d its simple <lerivji(ives. 

Isoprene (•(intains two ethylene linkages: 

(’ll, 

and is [iresmit m fairly larj^e (pianlities in t!i«‘ distillate obtained by 
the destructive distillation of rubber or the decompositioiu by heat, of 
tiTpenes. 

Ostromisslenski ' has already shown that ilipcuitene and dila^xene 
produced by dehydrogenation of |)entane ami hexane or the clinnnafion 
of nnuhaiu' from liexam* and h<‘])taiic, with ■'ubsecpieiit p(>lvmerjs.ition 
(d the ohdiiH' when lieated to .'iiM) , gne ;tppreciable ipiantities of 
isopreiK' and dimethyl <!i\iny! \Vc may ihus consider that the lirst 
st(‘]»s in tlie syntliesis of isttpreiie are as foll(»ws . 

ri! :t'H, i f'il^ 

i 

,('.('11,. (Ml, 

CU/ 

ni|M‘iiteno 

The double bonds in the a, c position show their usual temhmey to 
form a conjugated .system w’ith rujiture of the molecule to take iij) the 
a, y jxjsitioiis. 

According to Berthclot isoprene and similar derivatives of diviuyl 
do not apjH'ar to result from the decomfiosition of a jiaraflin, but 
through the intermediate formation of a complex trioh'line. Ostro* 

^ J . Russ . Pkyx CAm. Hoe , IflOiS, 47, 703 ft At / f . 
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niwsJ'-'iisfsi fhc formation of a flimplo oI(‘finc H-hioh would 

till'll hrcalv (luwii at .'iiHi' to form diviiiyl 

CH^ CH.UI, CIL li (dl CH CH.+ KH 

(ao|iri'm' on (oiKlcnsivtioii foriii'^ a [lotymer tiasiii^ a ruittior-liko 

coiisistcin'V 

lla^li^"^ Hii{r(.’i'sts that, nihbor has the follow nip fonstiliitinii 

jClIj C CH, CH, CIl I 
I lie ('ll; I'll. (' Clljl,’ 

a siin|ih- jiolvinor of iso|iit‘iit' 

Tbe catalysts employed m the polymerisation of isoprene to rubber. — 

Cn-vilh' William,s' was tin* tiisl to obsorvo th.it a nilibiT likn oom- 
|)oiiiiil (onl<l 1(1' obtaiiicd liy the div dislillation of [v)|ir<'in‘ whn h had 
bci'ii nlhuM'd to stand (‘\|ioscd to t he air ifoiii liaidat * obtaiiu'd ' a 
siibsl.iiK'i' analogous to iiatitr.il (■aoiit< boia ” hs' Ihc action iif (.on- 
ct'iitrali'd li\dro< tiloiK acid, li\c linns the weiplii of tin- bo|>rciii‘ 
ciiiplovi'd. ( on I, I lin'd in scaled plass liilics for m'\ oral weeks 

Thicc vi'.irs l-iter Tihb'ii'' noted tlmf iiilros\| chloiidc w.is as 
elfciluc as h\<l!o< liloiii acid in ai ecterutinp tin- |iol\ nnTis.jUoii of 
isoprene The .sjiiiie iiiwstiejiior noted ' the poh meris.inoii ihroiiph 
the iipinii\ <if time and lipht. and sliovied that the |io|\ nierisalion 
[iroiluit [tosscsscil mans oi the propiTties III naint.il laoiitilioin, cci'ii 
to the III I ion of siil|diiir etlei finp v iili .inisalion 

Koiid.ikow eltei |( il t he |iol\ iiii Ms.irmn ol linneth \ I 2 .’elHil.nlienj''' 
I 3, a homohipiie of isoprene to a nililiei by vuhjeetnip it lo 
tti'tioii of aholiolii |»i|,isb lor tinee days \ 

l/ebi'de\,'' litili.siiip da\li!,;lil, Osliomissleiiski and Koi li ' willi iillr.i' 
Violet viidialion, and CollieC with the Mleiil eleetrie diM harpe, ail 
cDeeteil llie eniiiplele and lel.itiM'iy lapnl eonveisioii of i-opreiie info 
rubber, tins beiiip siipenoi |o all i heiiiieal eatah sts tIiiis tar mvi'stiLMled, 
with till' po,s,s|ble e\ieption. peiliaps of owpim or o/.iinised ,iir wlien 
relalui Iv l.iipe iiii.intities ol slin[»le pol\ mers iisii,ill\ tbe dinieride and 
llimeilde, .ire peiieralK oblallii'il 

Willi (be Itniease m the price of lubbei snbseijiienl to MIOI*, the 
prohlem 111 iii|iidlv ellecimp the ccmiplete pol\ meiisaticm ol isriprene 
was atliii'ki'd with renewed vipour Harries, m Ittbi 'liuwed lhat 
lieulinp to (il) -ItiO" III a .sealed tube with neeiie acid (in eiirhl days 
etlectecl the eoiuersion, but the \ielcl of rubber wa,s exiremelv \ariaii!e 
llotlmium and Cnnlclle,'' of the Uayer tiriii, made the im[iortan( 

' i%i r„i«- iHiJ) 160 .‘at 

‘ lull .sv (Ao/i, 1H75. 80 l UO. rcN-/ I87!l. 89 till 
>CAo.j .Vo", INS.’, 44. ITI) ' IbvI.]»'}•' 85 .‘o7 

5 7 /,r C’,V»i, I'lDI. 84 Iii'i ' J Hi'-i Ni. , I'NCi, 41 INiW 

■ CJiem /rih.A iUI.!, S6. I.’.U ’ 7 < Vw W. lUn.'., 87. Ij40 

' 41438.:, I'WII 
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observation that ])ure isopreiie or its isomers ra|)iillv polvmorises to 
caoutchouc with good yiehls wlien siilijectcd to heat, mtlier in the 
I>resencc of or witliout catalytic agents. I’revions atteinjits at thermal 
' jiolymerisation were unsuccessful, doubthcss due to the presence of 
impurities. .Mattlmws. in lll|ll,t showed that metallic .sodium was a 
polymerising eataly.st of nniiiue activity. According to Harries- 
butadiene is converted at the ordinary tempi'ratnre m a few lioiirs ; 
i.sopreiie is converted at about (ill almost ipiaiitit.itivelv into i aontehoui' 
without the formation of any dimerides in from liftv to one hundred 
hours, whilst the soilium for the greater part is uiiiilti'red 

Sodiiiin-condeii.sed eaoiitehoue is. however, of dilTerciil structure 
from that obtained by polynieri.satioii bv heat or with the aid of ai-etie 
acid, ami probably has the following striieliire proposed liv Harries: 

|('H.Tt'.ni CH, CII (11,1 
|('H,, (’H.l'll, ('ll (■'.(•11, I,' 

A anoiis otlior ratalytic ajimls li.isf hi rn jn'(i|iiist d fruin Jiitir in litn«‘. 
such as arctic anhydride.'* cerium or xanailmiii s;dt«d ami >fMlamidc.'' 
hut do not apiicar comnarahh* lu activilv with cither acetic aei<i or 
nu’iallic sofdmii as coudensine aLu-iit?' 

Mention may hi’ made of an infeie.stin^ >erie.s nf ealahlic reactions 
propoM'd hy ])e Boistesselm and Diihosc,'* in which iiicih.ine and 
iici’lylene are ii.sed as raw materials It is proposed to pass nieiham’ 
over carhon di'positi’d on copper ovule at liMi -l.'tii , wIh'Ii. it is stated, 
et hyhme is ohtaine<l tojii’tlier wit ll some fit the hiejier oletines • 

CHj f ► 2{’,l!, 

Duhosc states that the proportion> actually ohtamed were 

Kth\ letie Htl }M-t ( ml 

Bul\leiie ... 12 

}||(:lter oleliiu-w .till! liV'iii'L'f II 21 ,. 

If butylene and acidylenc’ in efpnvalenl prop(»ilions be passed over 

animal charcoal lieated to lot) , is(»]»rene is profinccfl according to the 
following; reactions ; 

('Ha-ClliCllafCH (dl^ (’ll - ^ 

('Ih- 

Pilthylene, in a similar manner, can be converted mt<j i.sr>prene by 

> F 1’. 4.t7.)47 mill; It I*. 2471)0/1010. ^ Anholn., tUJJ. 383. I.U 

3 FT. *Ff t4oi7%mio. 

^ Rl*. 9210,1910. 

f i/s J‘ro(iu(lion, (.'htmUtrtj, nrd .S'y«fAf#o (Untrin, lOJH). 




atArosisft tiWry asd PRACiiv*, 




CB. 


intcr.Viti(>n with arftylone {ollowod by flul)scf[ii<Tit mctliylalion with 
jju'thvl clilondi' 

■ Cll/l 

cjr ciitoiij cii. cii, cii c}i 


CH, (’ (’ll CH, 

Frnm till; alxivi; short ruvniw it ap|K'ftrs tlmt tin- syntlipsis of many 
derivatives of thi* torperies us well us of Llie rubbers from sim|ile nils 
or turs, tliroiijili the mtermediurv of diviiivl .ind its derivutivos, is by 
no means an insoluble (iroblein 

Simultaoeoiu bydrogenatiOD and dehydrogenation -Since one and 
tlie Hiune eatulyst emi ellecf both livdro);eiiatioii and debvdroeenation 
it oiiniit to be possible to fomliuie the two processes in one operation, 
the liydro'ceii for the oik process beino iirodiiced liy flie other process 
It IS evirb'iit. from the disi nssiou ulmli Inis already |)rercdcd, that 
fiiiceess 111 such tiiiiisfiT Will involve a ilioice of rea'tioiis such th.it 
hydroyenatioii is possible in the oik' lase at a lciil|ieratiire .it wliieli 
deltyilioeenaliiin will odoir in (lie oilier Tlieie .ire se\er,il e\ain|ileS 
of siiih a combmatmii and the list lonid doubtless be readilv eMeinled 

Zejinski anil tllinka' Ireatisl inellivl letralivdrolerepliilialale witli 
palladinin and obfained the terephtli.ilate and (lie lie\ali\dioieiepli- 
tlialate 

lioesekeu- studied a siiiiiUr case lie passed iblivilrolten/.eil.' and 
also lefraliydioticii/eiie over nickel at ISO" (' Me also se.iled up the 
latter bidrocarlioii with [lalladiiiin fn even i.ise he oindined a 
iiiuturc of beii/,eiie and ( vlolievane Zelmski ‘ bus reiciitU reiordcd 
the same evpenmeiil and i dlls the process an " irreienihle c.itdlysis 
The “ lr^cveI^iblllt\ ‘ lies in the nnndier of the processes uiwilicd 

Me\er and I'lekert ' mention the deltMlro;<'ii,Uion nf «t|ivl dieohol 
to ahlehyde and the ailditloii of bidroj.'eu to ben/0(|nmone or to 
thvnioqiiincuie under flic iiiHnence of Imlil Armstrime and llilditcli^ 
transformed iyilolievauol by the. action of nnkel into iidohoxanoiie 
and mcthvl I'liciiyl propionate I’adoa and Fnresti* made ,i (jiianlitit- 
tive study of the traiisler of liydrorfen from i.sopropvl nhohul to ilietliyl 
keloiie and to iieiizeiic with the foriiwlioii of dietlul lurbinol ami 
eyilohexane res[iei:lively, They foiin'l cijiiilibria corre.spomling to 
tiiose lah iilatcd from the Neriist heat theorem S,ib.itier and Miirat^ 
passed the \apouTs of alcohols with bciizaldehyde, bciizupheiioiie, 
benzil alcohol, and aoetophciioim over thoria at lull'd, and got 
complete reduction to tohieiio, ethyl bcn/eiie, mid diphenyl fuethane 
Kayser“ has patented the liydrogenatton of an unsatiirated oil by 
heating it with boriicol or isobonieol in presence of nickel To this 


' ytcr.'inil, 44, im.' ’ Il'< lr<" . I'MS. 37 2oe 

i/»r, lilJ4, 57 ‘ .VomIaA . I'JIS 3». jt I 

‘ l‘m «r*y S,H' , ion, 951, 3J2 * .4(0 K AtcaJ f.wo, ll»H, 23 (n ). S4 
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list of examples Milligan and have added the transferenee of 

hydrogou from an alcohol to an aldehyde. At A(K) (\ (»V(‘r reria, 
ethyl alcohol gives up its hydrogen to the vajxmrs of aldeliydes 
simultaneously passed over the catalyst, In this way henzyl, phenyl 
ethyl, and hcptyl alcohols and citronello) have been pre}>are<l. Fouling 
of the catalyst caused its life to be short. (Condensation of the 
ahlehydes is probably responsible for this. 

Mixed dehydrogenation. —An example of d(‘hydroge}iati«ui in wlneh 
the hydrogen comes from two .substances .■'imultaneously is provhled 
by the syuthesis of amines from aromatic hydrocarbons and iiininotiia. 
Thus, benzene and ammonia led through a heated tube yield a trace 
of aniline: 

Nil,-0,115X11,1 il,. 

Meyer and Tanzen® attempted to make this a praelicable synthi'sis 
bv using a nickel catalyst at ooO' 0. Agajii no more than a lrae«' of 
amine was obtained. It can be ivuddy sIiovmi by therniodviiaime 
calculation that this is because the e<[iiilibrium is i-xceedinglv un¬ 
favourable Kowe’’ clainn'd rhe producfinn of napliliiylanniie from 
naphthalene and ammonia, in 2 per cent vichl, with a iin kel calalvsl 
at iW 0. lleccnt ellorts to repeat this tvsull did not !<‘atl to Miciwss 
Starting with acctyhuie. a n‘a<'tion iiivoKin;; .1 dchyilrogmation lias 
also hern reported. Aci'tylene and ammonia w hen passrd locr contact 
agents, for example, lianxite, at ‘ 0)0 -iiSO' yield aieloinlrile and 
hvdrogen: 

('..lOt-Nlia Oll/'N I il./ 


* J iiiitr Chnn. S(tc , lU.'i. 44, 

^ ./. X'.,r < hnn hid. I'.IJH, 39. lIlCi. 
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lATAI-VMS 1\ NiritOIlKN' FIXATION 

Tuiv jilKTioiiKTioii of raliilvfir adioii i.-! to hi' otiMTV’i'd ui ,i)l fhc 
(cvlHiiiiil tiu'llioils <'ni|il()>('<l f<ji tli<‘ hx.ilKHi ol uIiuosiiIk-ik' iiitniKcii 
U'IiiImI sniiii' mctlnids, siii li ;i>. llic sviifhctu' [irc.iliKlion of iimiiioiiiii 
fiiiiii Its clcnii’nla or ike diri'il foniiiihoii ol i'miiikIcs. nri' ili'in'iidcnt 
(oi tln'ir siKci"’'! on I In' <U'hvit\ of ji.irficid.ir f'u(al)sts. tlio olfn tciicv <'f 
otlii'i |)io{('vsis may he iiiijiiiiri'd, .siicli as the arc iiiciliod (d itroducinj' 
mine and, oi ('(nilly aii'iitu'idcd, as in llic matiiifaifitrc ol ( niiiamnlc 
hv (lie iiu'snicc of catalvln accids 

III till'an |iion'',s dc\clo[icd III I'aiiliiio tin-iiM is stnn k licittcni 
Itoiii-sliaiicd non cln tiodcs The arc is Idowii iipivaids hciuccii llic 
lioriis by (I Iioivcrfiil Idnst of air Al Ike Iqis of the horn the ,irc 
liiciiks and startM iiiic\\ :i( the Inisc Kossi on (•v.iiiiiniilioii ol the 
jiicdiod found that the Melds ohl,lined ucic loucr tli.iii lliose in tlic 
Bllkeliiiid-l'Adc Ol Si lioiilien |iroicsM's, and noteil ikaf small paitnii's 
of iron oxide well' ejeeti-d fium llie clei trode Mirfiiees b\ llie all Idast 
'I'lie iron oxide was found lo a(r<'|erafe fhi' deeom|)os!tioii of iiitiic 
oxide at teriijM'iiiliires lielow tliat at wlinli a fro/en “ eijmliliriuiii is 
tioiniallv obliuned li\ re]i!aeeineiit of llie inni cici trudes h\ water- 
cooled aliiinniniiii horns tins dilfu'iilti was eliminated 

The mtiK oxide [ontieil in the are [iroi ess undergoes oxulaliou w illi 
llie excess o\>eeii present in the an to the dioxide, whuli iiiii he 
renewed hi iiater-wnildiiii;' it relalnely roneeiiliateti nifrie mid i>e 
desireil, tlie i>iol)leni of dc'Celeratiiij; (lie relatively slow rale of oxidalioii 
of tiie nitric oxide aiises Tins reaetion is lermoleuiiar in ili.ir.ieter 
aeeoidni" to the reaelnm 

0^t2NO 2N0^ 


Whilst small traces of bromine and I'liioriiie an' said to ai t ,is ellective 
catalysta the reactions are involved and do not appear to have been 
studied 111 iletail Biirdirk * found tiukt the reaction velocity was 


J Ainrr Chfui .'foe, IHJ^, 44, .tlj. 
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capable of marked acceleration at surfaces. The relative velocities at 
Burfaces of steamed coke, cliareoal, and j^lass are of the tinier 
Coke, 3(Xt 
Charco.al. 10.(X)0, 

Class l'^-2U, 


Syntuktii- Ammonia 

The teelmical production of pure amuuuiia hv the eatalvtic com* 
bination of nitropen and hydro^ejj must be eonsideretl as one of Ilje 
greatest triumphs of modern physical and engineering chemistry. 

In 18b;> IJeville ^ oliserved that the dt‘(‘<nn[)t>sition of eitiinonia 
under the influence of a .-^park discharge was m*ver complete, ihu.s 
indicating the reversibility t)f the reaction : 

2X11/“^ N, i:iH, 

The communication of Prof. C. Matignon to tin* inaugural session of 
lh(‘ Societe de (!liimie Industrndh- prt'sents a vtTy great intereKt to 
all concerned in ammonia synthesis in particular, and alstt in the 
application of .science to imlustry in gencnl TIk^ communication 
records a research into the scientilic literature and more especially 
tin* patent literatim* concerning the production of ammonia from its 
elements. 

A resume of the patents as set forth bv M Matigmin may be given. 
Dufresne, in ISOf). took out a Pritish pateni.^ m the naim* of Charles 
Tellier. for the pn'paration of oxygen In the patent it is stated that 
“a largo rjuantity of nitrogen is liberated m tliese operations To 
utilise this gas, 1 pass it over sjKingy iron lieated to redness and wiiich 
absorbs nitrogen. In this state I tlien pass livdrog«-ii over flie coin- 
binati(*n of iron and nitrogen thus formed. Ihs ornposit ion is immediate 
ami the great quantity of ammonia thus prodm-ed lowers the }»nce of 
oxygen " 

Tessie du .Motay'^ took out a patent for a eonlmnous process of 
ammonia synthesLs. Tlie production of ammonia was to lie idTccled 
by passage of hydrogen and nitrogen altt'rnately over tubes containing 
the nitride.s of titanium heated to redness. The nitrides T 13 N 2 and 
TiN, heated with hydrogen, yield ammonia and the nitridr? Ti^Ng, 
which is reconverted by nitrogen to TiX and TigXj. 

Charles Tellier^ proposed to unite nitrogen and hydrogen by 
alternate passage over heated iron. Spongy iron is recommended, the 
two gases to be obtained by the re.spective actions of steam and air 
on zinc. 


' Cumpl. renii., 1B65. 60. 317. 
> F.P, 92346,1871. 


i No. 18.13 
* F.P. J.38472/1H81. 
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The [latmls i)f t.lu‘ Socit'f(* Azote dc Pans reprosonteil by Charles 
Ti-IIiit' "inl)i«l\ the fdilrAviri^claitns (I) The [ireparatioii of nitrogen 
and liVilriigi’ii by fin* respective action of air ami steam upon zinc 
(il) Till’ alfernale passage of nitrogen ami liydrogeii tliroiigh heated 
vessels (died With spoiigv lir.tiiiferoiis iron to produce ammonia 
(3) The eiii|iloviiieiil of pressure up to M) almos|)!ieres. using lieated 
vessels coritaimiig [ilatmiim deposited on piimiee or charcoal (T) The 
use of litaiiiferoiia iron adml^ed with another metal 

l{iims,i\ and Young, m lecordeil the foriiiatiou of small 

(piuiiliiM’s III aniiiioma li> passage of nitrogen nnd h>ilrogen over 
heated iron win s 

■\ii \iistfiaii patent of lilavati- <l,iinied the svntliesis of ammonia 
liv [lassage of Indrngen and nitrogen through a heated eliaiiilier crm- 
liiniing as lafalvst .i mixtiin of ril.iiiium or titanifennis bodies in 
adiiiisluie with platinum sii|>[iorled on poioiis mateiials 

A Noiwegtaii eunipan) Ctirisliama Miiiekoinpuine, took mil the 
Freneli patent No 22rilS;i'lSini with several important claiiiis Nitrogen 
and livdiogeii viere to be passed through heated vessels contniiiliig 
titan III III prei ipitated in a linelv divided < onditimi on neutral suppmts. 
with or wil limit I lie udditimi In the liliiniiini ol plat mum m the platinum 
metals. Iiirlhei, the titaunim cmild be lepkued Ity bi'-imilli, .Uitiiiioiiv, 
or ulkiili m .dkaliiie eailli metals, but in siu h eases plaiiiiiiiii and the 
plaluillin metals were In be I’lilploved 

in I 111 11 Ju' (’lull (‘her p,i tent I'd ' tlie direi I i onihinatimi ol h\diogeii 
and iiilrogeii, in w liieii In’ spei lalh i laims the use nl liigh pri'ssiires up 
to iiMI alniosplieri's m mder In I,K dilate t(imlmiatiou eoiipled with 
the Use ol ap|iropriafe eiilalvlic mateiial 

Permaii imled the adivilv ot ndiieed i/mi lopper /iin, loball, 
niekel. pcdlidiiini, etc III piuiiioliiig ilie i onibiiiation of nitrogi’ii and 
hvdiogeii and showi’d also the aiU,Ullage ol |iii’ssiiie 

In rii)l the siilijeit w,is again taken U|) bv' ll.iber and liis co- 
W'orkei.s, es|ie(iiillv \ an tkirdt and Le Kos.signol.'* and w.ts (arried to 
the sl.ige ol a i miipieh' IciiiliUHl success by llie Hadisriu’ Aiuliii- iind 
Soda-Kalitik at Oppiiii 

Halier at lirst iiivi'stigaled the eipiililiruim (ondilioiis idjtaiiinig 
between a mivtiiic of nitiogeji. livdrogi-n ,iml ammonia ,it varmiig 
(einperatiircs K(|iulibriiim was (difaiiied hv the p.issage of nitrogen 
and livdrogi’ii over vaiioiis eatalvlic materials and was also aimed .it 
fimn till’ other side liv the decomposition of ammonia \s c,ilal}lic 
materials, iron, niekel. (hromuim. and manganese were ii>ed at lem- 
[HTilture.s langllig between "tM and iDtH'" 

The most recent deteimiiiations of tlie amiumiiu eijiiilibnum over 
a wide range o( temperatures and prossure.s [utve been carried out by 

' n tt I’ 17ii:0 IHSI ^ tiHir (■ rj, SMS, I8V.V ‘ t l‘ 11,TO) I'tel 

‘ z-avfc a'wqi rArm, I'.IU'. 43 111 Hn l!Hl7. 40 , .’IH HHirorhon. 14, 181, 

513, 11108. nun, , aU. Kigtilli lii( I .'injn'-'i .Ai>ji (.'h»m, Nt» A ork, iUI.‘ 
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Larsoii luiil Oodpe* and liy Larion.- l'’r(ini data, and tliusi' iif 
Haber at 30 atinosplieres. eni|iirii',d e.|uatii)iis lia\c been Odiistrneted 
to yield the value for tlie e(|iiilibrium eoiisfant. K , at anv leni|ierature 
aiiil the four pressures, 30, .'iOO, filio, and ItKIO atmoaii'heres If ibe 
ei|Uution has the general form 

•hlog7’.e7’idr-i 
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HitlxT s n’.^uhs, imlii atoij lliat liis li^iun-s ut-n- Miinowliat loo liioji, anil 
Cfiiiductoil a Norii's <if f‘X}MTi?UfrilN al liinli |.ri>siircs (\iz 7o alino- 
splirn-s). when, is iiidicatod frniu ilic iMjiMhlinuni <‘ijuali(iii trnatcr 
ijuajilitiiNS of aniiiKUiia arc formed Halier re|ifatf fl iIh-m* cxperinioiits 
at atmosplicres, and it was limillv sIhomi tlial N<Tiist's li;:iires were 
the more correct. 

The liadischc f'o. operate two jdaiil.s ftir aiimionia >v’nlIn-sis The 
original plant, at Oppaii. was commenced in HM.‘3. an«l was extended 
during the war years, .^o that hy HHtS the jdant had a capacity of 

* ./ Amr. f%m. Srr . 45. Zm. * IM . 1‘421. 46. 'Mil. 

* ZftlM-h. KHlrofhm . 1907, 13. 521 : lints. t 4 . . HMn. 16. 94. 
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2()() tdfiH fuT <lay Tlic Lcuiia plant, at Morsekrg, was erect^'d in 1916 
Imd a capai ity in ] 921 of lUO tons of ammonia daily, to be raised 
Id WH) Inns per day wlicii eonqileted The combined output of the 
Inn works it ailei|imte for llie fixed nitrogen reipiireinents of Germany 
when sii|'|ih'menfet| with other mtenial fixed nitrogen requirements, so 
I hat Germniiy may be regaided as iiuhqiendent of foreign supplies 
rarliiiglim' has gneii a coiideiised eumraary of the details of the 
()])paii plant, inehidtiig the pros isions for the manufacture and punficA- 
lion of the ii)drngen-iiitrogen riiixhire, data with res|iect to the 
sviilliesis lainibH, recovery of the aiiimonia produced, power reqiiirc- 
nients, <iih1 personnel Ills outline may he taken as t.yjaral of the 
process as operated at Merseburg, and, j)robably, at the post-war 
t,n lories of the General Cheriueal Coiiqiany at Hyraeuse, N Y , and at 
llilliiighajn, Eiighvm!, the factory c)f the Brimner-Moiicl ('cirptjration 
J’.iitiiigluii cites the mam dilterences lietweeu the ()]))taii and 
Mi'rseluirg fiuturti'H in a Hiibsequent iirlicle 

The solution of the [inddem of a suitable catalyst for ammoma 
synlhesis appears 1o have lieeii found in tlie use ol some form of an 
lion catalyst Tin* nclivily of .siieli a catalyst is greatly dependent 
on ils iiielhod of iirepaiatioii, together with the presence nf rerlain 
jiromoters ami the entire absence nf lerlatn eat.ily,st poisons Whilst 
llie patents of the fhidisrlie Go '* iiidii'ale lli.it promoters such as niolyb- 
dennni, tungsten, cobalt, and iiramnm mi)\ lie iimsI m eoiisnlerable 
pro[iorti(ms m an iron calalysl, teclimeal iiracticc semiis to have made 
use ol on iron cafalxsl conlamiiig only ,',mi!ll amcniits of [ironioter 
oxnles, sill li as alkalis, alumina, and the like Extensive investigations 
of the projieitie.s of sueh iron eatal}^ls under \arutig pre.ssiires, tem¬ 
peratures, gas velocities, and terlmieal [lOisons have lieuii re[iorlc(l by 
the research workers of the (' K Fixed Nitrogen Research J/ahoratoriea * 
These researches have led tlieni to the com hision that the most active 
teclmiCHl iron calalvsl.s are to be prodiued from a (iisid iron oxide 
('ontainmg small ^mounts of holh aetdie ami ba.sic oxide jiromoters, such 
as Qb per cent alumina and Of) per leiil jiolash 

Cl&ude proC€8S. daiide has clevelojied a jirocess ol ammonia 
synthesis from the elements of which the predominant difference from 
I lie JlabiT jiroeess as operated in (lermanv is the mm h higlier pressure 
ii.sod by I'liimle Fot this change a most far-reaching am! fiimlamciital 
iiujiortaiiee ami distinction 13 claimed ‘ The table, already given, of 
tile variation of eqiiiiibnum coneentrution with pressure at various 
temjieratures will show tlie advantage, as far as j)os.sil)le, iimmoma yield 
])er gas passage, winch can be aciiieved iiy operating in the range of 
jiressures suggested by Clamle, (>iXl-H.X)0 atmo.spliere' at opposed to 

' I'htm Iml I'J.'I.W, UllM ‘ J .V f'hm Ind. ISJl, W. U4 k 

MU' JlllrtT, Ullj;il iftid Jllfil, 2.Vll;'ll, 

* C'Vr;. and )lei F.ng . lOiJ, SS, 4l«, M,1, CM, W7. bS.! 

* Weet, J. S'oe ('hm lad , lO-'l, 40 , 420ii 
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200 atmospheres normally used in the Haber jiroeeNo, At C. 
and at 000 atmospheres, the pressure u-si.d l>y ('laude. a :]i\ jn‘r cent 
conversion can be tiieoreiically attaiiKHl as aijamst a possible 0 piT eon( 
conversion at 2 (X) atmospheres. 

The advantages claimed for op«‘ration at su[)er-]iressure.s of tlie 
: Claude type are several. The power costs for compression vary as the 
logarithm of the pressure, so that the power rtN|mred for compression 
to 1000 atmospheres is only nO per cent greater than that reipnred for 
cornpri'ssion to ItM) atmospluTcs. Owing to the small volumes oceupied 
by the gases at these high pressures the apparatus as a whole is propor¬ 
tionately smaller and the tonnage of invoked in unit |iroductiou 
of ammonia correspondingly low. A greatiT ease in maintaimiig the 
reaction process aufothermally can be anticipated, owing to the high 
conversion factor, the e.vothermicity of the synthesis proeess proviiling 
the nece8.sary heat. The yield of ammonia per unit of calalvst, otlier 
things being eijual will also be higher in fh<‘ Clainle ))ro(‘css. so that a 
smaller amount of calaiy.st and smaller catalvst units per unit produe- 
tion should ohtain. The low eonversion etlieiciicy m the ilaher pKwess 
compels the adoption of a circulalorv system in winch the gase.s after 
being freed from aninionia are returiied to the ineoimiiL' gases In the 
Claude proce.ss the yield is sullieieiitly Ingh, so that (he bulk of tin* 
ammonia may be liipietied by cooling the gases and the residual ammonia 
with unchanged nitrogen and liydrogmi ma\ be tlien pa.ssed tliroiigh a 
furtlier catalyst unit where further conve’-sioii oeiurs. Thus, with a 
small number of catalyst tubes in seiies with ca< li other a conversion 
elHcicncv ajiproaching per cent can be readily achieved without auv 
circulatory plant. The adverse ejfcct of diluent gases on the e/juilibriniii 
attained at a given pres.sure can also be shown to beconn- propor¬ 
tionately Ic.ss as the operating pr<-ssure increases. It .seems therefore 
that the possibility exists of employnig siiccessfnllv, when operating at 
sujier-prcssures, a nitrogen-hvilrogen miMiire of a lower itrder of purity 
than is employed in the operation of the ll.iber process Tins forms 
an Item of considerable imjairlance in tin; econoinv of tin- jirocess. 
since it is in purification that the Ingli cost «*f the mtrogeii-hvdrogen 
mixture occurs. Claude projio.si's to u^* hydrogen from cokr-oveii ga.s 
which will contain nut onlv 1-2 [ler rent carbon mono.vnie Init. also 
saturated hydrocarbons. In the first uml id the .synthe.sis process, the 
carbon monoxide is hydrogenated to melham- in presence of spent, 
catalyst, the water and any ammonia formed Ireing removed prior to 
the entry of the gases to the catalyst unit projier. W'rvst ‘ has given 
diagrammatic arrangements and plant details for such a nnuhotl of 
operation. Technical devidopment is in ]>rogres.s in France It was 
started in England but has been discontinued. Technical ileveloj'- 
ment in U.S.A. has been undertaken by L’Azute, Inc , at Charleston, 
W, Va. 


* Loe. cu. 
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CD 

Thk (-'a'Iai.'t^ts imi‘1.ou;i) in tiih I’hei'auatiok ok (Aanamidk 

In IWO ^luhvaii MliifHi’il tliiit r.ilniitn r'arhi(!(’ whi-ii |Mirc cuiild not, 
liltsorb tiiin-j'cn' itp to Init in tlic nr\t vcar Rotho ami sub- 
Frank and Caro noC'd that Ifcliincal carhidfs (oritainiii” the 
Usual iJti|»iirifii'S .showed liiat, rii|>id absorjttion (onld he ohMiiiiKl l)elow 
IKK), and thii.s laid the (ouiidafniii of a very ]ar;:e industry It was 
at once I'Videlit tlmt the |)lesenee of catiilvtle snfislaiioes liiateri.iiiy 
liiisiciied tin* j)roeess ul alisoi|itioii and |)ennitled tlie n'Ui'lion to pio- 
lei'd at a louiT tem|ii‘ra(iire Thi' litter [nnnt is sjn'ciatlv important, 
as file ai)sor|)tioii of nitrogen by alkali ,uiil alkaline (alludes prweeds 
liy two reversible nan fions 

CaC, l-\%CaC.NVC, 

C.itVN/ ytalCN), 

The i|iianl il v of (\ ,inide for tiled alrta\s niereasi's as the feiiiperatnre 
IS elevaled, Inil is prat tii .ill\ nej.dii'ible in iiiiKMint for i ,d< inin e.ii bide 
II]i In I flK)' Any eflec f i\e Iin\(‘lliio o| the li'iapeialilie einplo\ed Hill 
lliiiselted an e(onoiii\ iii ila tililisalion of laifh heatimr eiierav and 
nilioj;e|i, as well as a sini|ihli(alioii o| iln lei hiii'al opeiatioiis 

It Has not niilil I'H'o, howiAii, th.it thi' iitilil\ oi addiiie any 
speiifn ealalytie inateiial to h.isleii the alj'orpiioii <d nitropeii was 
sii^Hested Carlson* pioposed (he Use of (aldinii ibioinle, and 
Fol/.eimis that of the chloilde 

'I'he snlijei ( was (,uellll!\ linesll“,iled 1>\ !>ri di;; and I’l.iiikek' who 
d(‘lei'iiiin(‘'| f Im‘ elb < t ol the addition ot |o |i,’i (I'nt oi i ataKtu material 
on till' ([Uatililv ol nitroudi alisoibed m u\o Iidups ,0 \aiioiis tini- 
peiatiires At dtio the aihtilum ol in pd n-nt o! (ahiiim (hlornk 
etU'( ted a 22 I'd (ell I alisoi ptioii w Inist 1(1 per i dit ol lithiiiiii i blonde 
etb'i led IT [ler i eiit iibsorjttmn, the eai hide alone oiil\ absoihine soine 
3 per lent The ( hlornles ol the uthei ilvmeiits o( the alkalis ami 
alkaline earths were not so udive, their ('tiideiie\ tallliijt ol) with the 
inerease in their aloniii‘ Wdelils 

I'Vnn thi‘se ,ind other in\i‘sIioatmiis il appeals thai the ehief 
flinetmii oi (he ealahst (S Cv ait as a fiisdite s()j\eiil for the caleinm 
larbide Not oiilv does the absorption of nitrogen proi eeil more ra[ii(ily 
III the llu\, Init at the .same lime liesh surface' ot llie unfiisi'd euleiuin 
carbide are e\pressed to the ,ntlon ol thi‘ nitroeeii bv the remi.>\al of 
the remtion prodmls Aceordiiij: to Koer.ster and Jaioiiy the un- 
1 handed him'm the oonmiercial carbide also e\eris .i ealaldn .ictivity 
by pioilucinjt imipn'iif softi'inno at lllK). thus oDerine uii evplaiiation 
ot Jdoissaii's rchidls Caleiuin ehluride has a or,-,iter soKeiit action on 
till' ciiibule tliuii enleium tluoridc, ]K).ssil)iy on account of Us lower 

U'um/Jl mtJ 18IU nils * ( Zol I’loO, 30. IJOl 

^ KItiIrvchtm, tlKli, 13, bit, Wl5, I9II8, 14, .W 
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molting and is thus a more (‘ticctivo catalyst, being gonorallv 

oinploycd in a qiianlily not cxcoding Id per emt Itv \v»'iglii of ilu 
crushoil carbide. 

The use of iiotassium carbonate (t per cent) lias been sugs'ested by 
Pollaci.^ whilst recently the use of the relatively clieap sodium cld»)ride 
lias been advocated as the most suitalde catalyst for operation on a 
technical scale. But little is kuown abotjt the solubilities of calcium 
carbide, cyananiide. and nitrogen in these various .solv<nls. and no 
determinations appear to lia\e larn nunie on the velocities of the 
reaction m such solvent.s. subjects which might \cry well repay 
inve.sligation. 


I'.mnvsis IN Till: I’iikcmiviion or Ninnnrs 

The onlv techuical production of nitrides finm atiiiospherM' nitiogcii 
was accomplislied bv Serpek ni tlm Sa\«>\ Alllioueh eciiain ditli- 
culties militali'd against fln' eeonmnic swrvs> td lit.s eailier planl.s, y«‘t 
on account of llii’ apparent po.s>il>iiuu's of some siteli pioeess, Siime 
allusion mu.st be made to Seipek's wak 

Serpek's proeess was based upon the bdlowiiig reactions, obtaining 
abimuiium nitride bv the simnituiieoijs led'iition and a/.oiisaiion t)f 
the o.xhic ; 

UAl.Oit bC < " 1 \h bctt. 

1Al.:i(\ " 

lAi . ^ t\lN. 

Caro's investigations liute shown that tlie di,s'' 0 > lation fenipi'rature 
of the nitride is higher than that of aluniimum raibide. and eoiise- 
ijuentlv the nitride is actually formed llirougli the niteniii’diaiv ot the 
im-tal 

The optimum temper.iture lor nitiogen ,^b^olplnlll wa^ found to lie 
iM-lwemi It^tKI and I'.HKI . abo\e di^so. latioii of tlm mlndc 

comiiieitees. 

Serpi'k's later cxjicrimcnts indicate that the teiiipeiafme for rapid 
azotisalion conhl Im* cmisiderahly ledmid bv tlm arldition of <‘ertaiu 
calalvlie material. Mis earlier r laniis a.> to the ellu ar-y of tlie addilion 
of small quantities of hydroehloiie a'ld or sulphur diovide to tlu‘ 
nitrogen couhl not lu’ hiib.stanfiati'd. iuit <i .small rpianlifv of livdrogcu 
appears to exert a considiTuble catalyli'' activity. Mon’ important is 
the addition of catalysts to tin- solid p'ucting phase, surh as the addition 
of small rjuantities of lopjaT, iron, or manganese to the alumina, 
SerjM’k oijtaihed good results with naluiiil hrenrlt bauxite rich in ifon. 
Tucker and Road confirmed these observation.'' of Serja-k. htankel 

> ZeiiMk. Kltiinehcm , 19U8. 14. m. * Traas. An»r. NV, Itil;;, 22. 67. 

» Zft(4ch. Ehkimchm., 19 . 
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ootiilncfcd mith'I <if«X|»’rimvnts oii tiio ndative activilif-H of various 
fiitraa of <urljoii. and arrived at the conc-iiisioii that finely divnled 
carlKiii, Hiicli as soot, wu.s most ellective, rajud ahsorjitifm takjii'' placo 
hefvveeii l.VHJ and IMKI-’ 

If. will k‘ noted that if the senes of reiittious given above actually 
rejiieseiiL the various e(juilil»rja between ibe dilforeiit [ihaaea, then the 
ratio 

((’0)‘ (CO)' 

(N/ “ (N,) 

should he tonsUitil This was actually shown to be the case by this 
Jiivcstigalor, who found that with iniTeasing teiniHUatiires the equi- 
lil>rjinn concentralKm of carbon mruuiMcJi! rose, as is indicated in the 
following: table 'I'olal jircssiire, 1 atmosjiluTe 


Tt iiiiti iJitmi 

A- 

I’lr rciii CO 

(N,) 

iliiiuiiilMi.in hiiiiiLsi 

1500 

500 

at 

inoo 

4,5uii 


1*00 

In,',Hill 



It will lie iiDtnl that lor low-teiii|icr.itnrc o)n-t,(tioii tlie e.t-. nui^l be ,ks 
fice as inissilile from (iirlioii moiioMilc, Ihiis liinitiii'' the emplojmeiil 
of generator gas as a soiin e of mtiogeii 

'Die lladistlie t'o , in a seiies id |i,k(i nN,' |ii(ilei [ the im' of eal.iIvlK, 
ageiiLs nillier timn eopper and non, and more i-*pei nilh the ovules of 
those elemeiits wliu h form sfiible nitrides, mi leiliKtion and a/olgallon 
such as elinuniiim. uramiim, vainidinm, mo|\ielmuim, /.inoiuiim, 
titanium, .uid siluon 


('AlCnsIS l\ ('\A,M!)n PoitMV'IIOV 

III iNIt'i Dawes iiotnl the for’inaliuii of < vamdes in tlic bI,l^( furnace, 
and tin; investigations of Ihmseii ainl Plavfair- showed that tiu-s-- 
C)iiiiides Were proiliK'cd liy the interaction of atmo.s|dteiie nitrogen 
with polassmm salts and carbon present in I lie furnace The formation 
<if sodium cvanide occurs according to the (oilowim; cipiatinii 

Nni(’0^ + 4C I 2NaCN sdt'O ■ i3b,:)i»i c.d,s 

Very man} attempts to make a lei'limcal a[)plicution of tins rouclioi 
have been made As early as 1843 Poaso/, and Iknssicre erected smai 
factories at Crenelle and at iVewc.ast!c. The process tailed on account 
of the action of the materials on tlie containing vessels at the high 
tcnijicratures omployed. 


U tt r. 213830,235300 el »(q 


* Ktp tirn Atxx, 18W. 185 
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That the high temperature necessary for reaction was the funda¬ 
mental disadvantage of tlio process was «juiekly realiwul. ami we lind 
mmierous s.uggcstions for overcoming this dilliculty. On the one hand 
We lind attempts to replace the soiliuin curlionate l»y harimn carbonate, 
made first liy Marguerittc and l)c Sounh'val in 1802 and reinvestigated 
by both Munro and Headman of the Scottish (Vanitle foinpaiiy. A 
hmher vield of cj'Huiilc at somewhat lower tenijieratures is undoubtedly 
obtained, but the process appears to be uneconomic fnun (hi* imluslrial 
stundjxhnt. 

In 18,‘Ml Thompson directed attention to the calalylie elTeets of 
finely divided iron iu the original reaction, ami the catalytic efieets of 
other metals, especially manganese and ehromiiini, were niUed hy 
Marguerittc and De Sourdeval in 18GU ami by Swan and Ki'iidall in 
1845. In lyiG Hitcher * reinvestigated the original claims of Tlioinj)aon, 
and the fixation of nitrogen as cyanide by tlii.s method may be said 
to be industrially successful, altlmugh Iht! gn'at potentialities in the 
method have not yet been fully devt-lopeil. 

In the absence of a catalyst, temperatun-s of the order of I I'Hi 
are reipiired. If any form of gas heating !»■ <‘mployed the dillii-iilties 
in maintaining retorts intact at tins temperature are extremely great. 
Klectrieul heating is better, but uneemiomic e,v:< rpt in cerlaiii distriets, 
The mixture when fused i.s liighly plastic, ami runs over the metals 
4 Tnployed with gieat ease. The tw<i important modilieatnms introduced 
by Hucher were the brnpietting of the reaction mixture of .sodium 
carbonate coke and metallic iron. In a stream of nitrogen or pro¬ 
ducer gas. nitrogen is r(?adily absorbed at from !t2i)‘'yr)0 (’.. yielding 
bri'pietlc.s containing 2(t--'3t) p‘’r cent of soilium ey.iMi'le. 

The cvaindt' may be directly converted into hydiocMiiiie acid or 
to ammonia by treatment with steam, aceonlmg to the reactnui 

Nat'N t 2ILO -^IfCiHlNa i Nfb„ 

or it may be leached out with Inpiid ammoma," m which sodium cyaniiie 
alone is soluble. 

A pure form of carbon is necessary' malerials produced by the 
thermal disintegrafioii and partial comhustion of liwlrocarbons or from 
carbon monoxide, according to the reaction 

21'0 -4'Oj, ( 

being more etfectivc than coke. 

* J. Ind. Kng. Ckan., 11117, 14. rAli, Md. and Chem. Kim, IlUa. 14, r,r.l 
* Clftncy, -Wfil. and Chf.m. K>m , la»0, 22, 

* Thonijison, Hfi. and Chf^m. i£>m.. 11»22, 26, 124. 
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lIVIlKAIlDN, (IMiUolAMS, AM) \l,('OH()l,\^IS 
lht>ll\rioN 

SiMi'i.i'; hviltiifiiiii, nr flu' ihtut .kMiIiuii of u.iliT liv oitiiiKiiUKK, b a 
riMclioii wliuli Hi ci'ilaiti (as<"' tti.iv lir inniiKitcit ti\ I'at.ihlK an''iiti 
III till' miiiii, sill li nvii tiiiii.N aic nnifiin'<l In (lie ItA.ifinM ol «alt‘i liy 
iiiiMhiialnil nigaiiic iniiijininuK iMlIi lim jinuliii (inii Ilf f)\\ niil,lin¬ 

ing' (li'ti\ali\is Tliu> liniii tiiisatIHiih'it liwItni.iilKiiis. alinlmK, 
iildi'liulcs, ami kniimcs m.n nMilf Simil.trK, i.iinliil li\i]iatioit nl 
HTl.im mining will iicld llm rnric^liniidiiii; aiiiulrs, aiu! in <i t(‘\' i.i'-n''. 
tin' l(\dial Kill ol Hiiid<'s li,m Imi'ii mill'd \s ,m la", (at.d\iii li\di.ilioii 
|l|o^'"l’^ liaSC, IiKIkTIo, ln'lll lHlllll|><ilf.llll li'i IlIlK <dl\ lull HM'Jlt 
dcM'loiitiii'iit-i in llm s\iitimli( [irndmlimi o| .ilndml fioin (.ilimlc a'' 
aliiilitii;-|>ntiii imiv "i\i lliciii a iniMdoMhlc tiii|Mii[ami m future 
.t|t[)li>'ali(iii 

Ai vvilli lim |i|ini''<M's ol li\drn|\M-, MiliM.|iiuitl\ to In' dl'Midii'd 
llm iiuik'mI ai kU aio ai Iim' am'iit'' in (iroiiioliiij; lal.dvlK ti\dralioii 
'rill' IraiiHloiimiMnii ol holnilvli'im l<> lntm'lii\ I larinmii i-< at ioKi|ilhli<d 
III I Im cold III iiim'i'mi' of mil|diiir)i ai id of mndi'iati' ddiiliim ‘ 

(’ll, 

(' I'll, 1 il,0 ^ (('ll,}| (' (HI 

ell,, 

I'Urlmr -ilill llm .iddiiioii of Hater to immiic v\as dnmti to oiciir m 
jiie.ii'iK'c of dilute iiilru acid - 

('iiiHoM'HIjJ' n-CiiiHol), 

Siinitailv. Iivdriicldnric ai id ai ceicralcH llm ,iddilioii of wall r to i rotniHC 
aldciudc * tKconliny lo fim e(|it.i)lon 

■ (’ll, ('ll ('ll ('IlH 1 M/l ('ll, CM (HI ('ll, CKO, 
Mi'ldin^ llm coiics|Mmdin;; IndrowImlyrK' aldclndc Tim jiroresM'S 
of WiUiii and Mdh, iirmioiisly cited m the diM'iissii)n of hydroyeiialion 

‘ lliilt( r.i'i .liom/.n IMliT, 144 n * W a'lC r«, .I/im/oi, 1840. 67 JI7 

’ Wild/, BiUl ScK ''hm. 188»lu).4»..;8« 



CH. XI HYDRATION, HYDROLYSIS, ALCOHOLYSIS 316 

of (Ills. <aLo to this clii-«.s of rortction. sinn*. uinKrlho inHuonco 

of >iil|)liuric achl. iso-ohir ioid. uliicli i^ is tran'^forinoil hy 

athlitum of water to solid oxyMeanr acid ’ Tin* rcwrsiliilil v of certain 
dchvdration processes catalysed liy acids, as. for cxanipl'*, tlic ('atalytic 
conversion of livdroxy-acids t«) lactones. als«i points to tin* catalytic 
uctivitv of aclll^ in siinph- liydration pntcesses The I'ast'of y-lnityro- 
lact(nit‘ forniatnai from y-hydrccwhntvne acid studied in Henry ~ is an 
e.vatnple in p<»int, dilute acids l)i‘inir the catalytic aeent ; 

(TI.,.(11...CM,.CO 

■ I -i H..0 (11,..Oil.(11,.Cll.,.COOIL 

o'" 

The point lias leeimtly iieeii spe<'ialh letted hy .lohaimson and 
Sjlieliiis'* \Mth <‘onlirmatorv re.Mili> allhoni:}i a lemarkahle etuielnsion. 
howi'ver. is reached m (hal the li\dration of laetone^ apparently 
not ealalvsed hv hvdroeen loiis N-t. as wa^ dennm^lralefl hv HiviUt 
and Shlewick.’ is tic* hydration ol acetic anli\dride c.italvlu'allv 
a< celerated 1)V hydroern i"iis 

Syuthetic alcohol. In 1 he de\ rlopmcnt of pnici sse.- for tin* svnlh<-tii- 
pnninetion of alc<»hol, the pos-.iliilitv of iitiliMtii: a pioeess .>1 hvdiation 
lias lieen stiidie.l The ne« essilie> ol war and the ereal ii-<|iiirement of 
alcohol Inr the manutaetiire <>f iiimnli"iis lias stiimiiated uivestij>a1ion. 
In Kii>rlan<t. ahniiol i.> itiainh ohtaiiied l)\ leim.'iit.ihoii proee.s^es from 
eiaui In Oerniatn'. production fiiun pctatnrs hv a eninhmetl hydro- 
h'lK' and lerineiitalion process has hecn laiuelv iisrd m .iddilion I" the 
erain fermentation pnae.ss The I iiiled States has developed a eorn- 
hmed hvrirolvlK and feiiie-iitation process iililisine sawdusl as soiuve 
ot < arhidivdrate. whilst tIk- Seandinauaii countries and. nioie reeeiilly, 
(iermany have devoted attention to alcohol naoverv from the wa.sic 
Inpiors in tlie sii!]iliile-cellnlo,se jirocess NevertIn-iess, l)ie demand fitr 
alcoliol IS iiicreasini' so rapidly, more esjieciallv with a view to Us use 
as a fuel for internal comlrusiion enemes that the .synthetic pro<liic1ioii 
from cheap carbide is not vmIIkiui indnslriai possibilities Indnd. it 
has been reeeiitlv stated that sin ce.vsfiil |irodiiciion has now lor some 
time lieeti earned on In lire Moeelisl Karbwerkeii iii (iermany, ami 
that a Swiss (((inpaiiv. the Loiijia Kleelin ii v U orks at \ isp, Swtl/erlaiid, 
covered diinnj' the war the alcdiol rerpiiiement.s ol tln ir eoiiiitrv with 
the synthetic product The com^umptnm of industrial sjnrit is iinTcas- 
mg rapidly in England, and reiiehed in HMO I'.tlV a total of upward,s of 
four million gallon.s. It is obvious that the development of a synthetic 
process is of eonsiilerable importance in England also, as tending to 
economy in the utilisation of potential food supplies during periods of 
stniigency. 

Acetylene, obtained from calcium <‘arbidi* by treatment of the latter 

» SaUz,lT. ./. pr Chnn . 1888 (ii ). 37. 284. |•hnn..\m2, 10. 08. 

ISf'r . 1018. 81. 480 * •''V-. J'JIU, 97. 732. 
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u'lili u-itiT, 18 Itic 8t;irtiii;'-poitit of syiitlicsH as developed in 
(;i'rrriaiiv and .Swii/iurlaiid lly a (aUtyfJc process of hydration, the 
ad'Uii'iu' IS tit's t < on verted into acetaldehyde according to the equation 

OH (II OljU-CHj CflO 

Tlie operalion i.s presuinahly a two-stage reaction, the uiisafiirated 
alioliol first piodtned hv siiiqib; addition of water clungiug bv the 
ordinary slnft of the labile liylrugen atom to an aldeliyde, aixordiiig 
to tile seiieiiie 

('ll II CHj 

I 1 - -> il 

('ll (HI CH OH 

The (ddebyde tliits (ditaiiied is available for liydrogoiialioii to yield 
alioliol (p (II, alternatively, may beoxidisecl lo ai^etie acid (p 20!f) 
for iililisiilioii as siii.li, or (or subseipieiit eonversioii of atetic aeid lij 
acetone (('iid[iter Xll ) 

Various catalytic agents in dillereiit ineilia have bi'cii snggesleil 
with the view of aceeleiatiiig f,lie hydialmii of the acetyleiK' Rspei mIIv 
in most relent yeais has (he patent liferaltiie of thi.s [)ioces.s gMHM) 
111 the 111.1111 I he vaiioiis jiroposals suggest the unidin t ol the riMclion 
by leading the gas into a w.iim liquid iiiediiim generally eoid.iimiig dis- 
soiced m it a suitable inel.illie salt to ai t as nei delator 't'lni'., accord¬ 
ing to the (liieslieim KhAtioii Co's h’reinli |i,ileii( Nii I7l2dl)! I'H'i 
the uiefyleiie is lo be leil mlo hot 2(t-2' per cent siilpliiirii and, or 
.'ht-d'i per cent pliospliorii acid, or organn siilplioiiie .uids, id) m 
pieseiice of the rurrespoiiditig liierciif) s,ills The linlisli p.itcnl 
N(> rild'i/lyl'i suggests the [lassagi' of acel\leue into ghnial a"'lie acid 
at ciintuiiiiiig a di,\MiKed moreury salt, tin' neees,s,i(v uafer to 

be added as required -Meister, Liuiiis, and IJruiiiiig m I S patents 
liril!)2S and lir)r)2t)''ll)]ri sngg.'st the additKiii of ferric s.ilfs, cy 
siilpluife, to the hi id .solution of the nierciiry salt, together with a 
lieviivnleiit (hronuiim compound, cy ehrouiie aeid, iii order to hinder 
the separation ol meteiirv from the solution J) H I* No 2'.ld(l7() I'.tni, 
of the same firm, recommends as medium for the [l^clc(‘s^ metiilln 
meicnrv in dilute acids The rmoii Carbide Co. in I'S patents 
Nos 121‘hld() ami 12l,Hf(7;'lltl7 daiin the passage of aci'fyh'iio into 
a solution of dilute sulpliiiric .lenl, a nu'reurv salt, and tin' s,alt of a 
weak aeid, cy a borate, or, allernatndy, into a solution of the 
Dierciiry salt and the aeid salt of a .stunig and, cy a bisiilph.ite The 
French patent, No, 47'Jti.%/i'.H(), of II Dreyfus claims the passage of 
acetylene and water into solveaits, (n) in which the mercury wilt is 
soluble, e y acetic aeid, or (b) in which acetylene is soluble, e y ai'ctoiie 
The aldcliy do formed is to be converted direct into acetic acid In’ moana 
of oxidising agents or by air in presence of catalysts such as cerium 
oxide, vauadiiim pentoAide, copper acetate, pcruiangaiistes, mauganeaeor 


CH., 

I 

GUO 
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copper nitrate, or platinum-palladium spondee. The oxidation to acetio. 
aoid is also claimed in the liadische Oo.’s jwteni. D.lt I\ '21U7-M, i!U7, 
using atmospheric air in j)rosence of iron suits ami organic salts 
of alkalis and alkaline earths, including magnesium and aluminium. 

It is claimed that in this way the oxidation proce(“ds in the cold and 
no per-ueids are formed. It Is (lie formation of these latter vvliich 
renders dangerous and uncertain the ojierations at jiri'sent in use 
technically for the conversion of aldehyde to acetic acid, in which 
oxvgen under pressure is used as oxidising agent in presence of such a 
catalyst as manganous acetate. 

Ethylene as source of alcohol. -Ethyhme was po’pared pure fr<im 
etiiyl alcohol as early as 171)5.^ Its rehvdralion in pre.si‘nce of sulphuric 
acid was studied hy Hennell” in Faraday’s lahoratory. It was n'- 
atinounced by Ilerthelot^ in and an attempt at lurge scale pro¬ 
duction from the etliylene in illuminating gas was attempted in IH02. 
This proposal lias been recently revived in England liy llnrv and 
Tidinan, and operation has hecn atteinjited on a larg«‘ scab* at Skiiiniii- 
grove.'* Absorption of tlie ctliyhoK' was there earned out with tlo ]>er 
cent acid at t)t)‘-8t)’ C\ To recover the ah'oliol. dilution of tin* acid is 
nece.'^sarv. Tins constitutes one of the priiicijia! disadvantages of the 
process. If the arid is diluted to Dl })er eiuit ami distillation then 
undertaken, all the alcohol can be distilled, leaving a siilpliiinc acid 
of Nl jM*r cent strength. The bulk of the alcohol obtained is in tlie 
btrm of a IT) per cent ili.stillate. 

W ith stronger sulpliuric* aeni a^ absoiption agent tluTe is a ii<-ci<led 
increase in the production of dicthvl sul|»halc from <‘thvlene gas. The 
manufacture of tins jinMluct, from ethylene m “ < raeked gas' for use 
as an ethvlaling agent, has l)cen patented bv ('urine'' ami its uses have 
been detaihsi by ('urme and Ciirmc*^ 

The vclocitv of absorption of eflivlem* in dilute sulphuric acid can 
be augmenti'd bv the addition of various .‘-iibstances to tlie ncid.’ 
Cuprous oxide, which is transformed by the acul into < upnius sulphate, 
is the most efHcient among the hiibstances used, lii an earlier paper 
riebeau and Damien.s^ had suggested addition of merciiri*' salts and also 
solutions of vanadium pentoxide or uratiyl t'lilphale. I'laiit and 
Sidgwick® found that ethyl hydrogen '^iiipliatc has a distinct, accelerat ing 
etTeet on the absorption proce.ss. 

Isopropyl alcohol from propylene. The .same reaction can be applied 
to propvlene, an im})ortant constituent of cracked ga.s from petroleum 
distillation. Mann and Williams di.scoviTcd that a mixture of a 
mineral oil and sulphuric acid promotes the formation of esters, and 
this factor has proved of importance m the develojiinent of a practicable 

' t'rfU A Ann.. 1795, 2. 19C. 3Hl, m. * /'A./ i<. 24o ; IK2H. j., m 

’ Compi. rend, I8.W, 40. 102. * ■>. Soc (:h>m Irul, 1921. 40, SOT. 

* l\S I’. 1.139IH7 * ( 'kffn. Sid. Kfifj. 1921, 25. 9.57. 

* [InmKikjt, Compi. rend, 1922,176, 585. * Contpl. roid , 191.1,156, ->57. 

* J. .SV. am. Ind ., 1921. 40. Hr. 13050U 
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cojiuticrf i.il [>r(H-css /(ir tiii- [trodiirlmn nf ulcoliols and Jolitis’ 

Jotvi (Icnul^ of tii>' |)ro(titcf‘< of siu'li (oriitiioriial opi'r.itiuii, tlid 
|it(i(]it<ts Id all la-'i's lj('iti;r srooitdarv uIcoIioIh, tlii' r.tti^o l■.vt(‘J|lIlIl<' 
liiiiji /M)|iro[ivl to M'loiidat) ociO al(<tlio| 

Higher homologues. Vmvli’iu' witli (uM (onfi'tilrated '^lll[(llll^lo 
and and in' on dilution, a Mdiition from wlurli diiiielIni cfhvl 
i.tilnnol IS oldaiiied in ltd [ler ( eiil \|elc| U’lili hc\eiii'-| anil !n'|)ti'iic 4 ,' 
tin '((oiidarv <i)niliii|s a/e olilaiiM'd uitl) |M'r tent ,siil|)liiiric and 
The (He of Ido |iei (init ,'u id |iioiiiol('s j)o)yiMeris.i(iini ’ 

Ml Dltnl.'i sl,s 

I'locesses o| liydrolisis. tlial n lo sav, the []^o^(■^,s of resolution of 
a (oiiifioiind info two jnudiiets witli the snuiillaueoiis mtrodiiitioii info 
the ii'.sidlinir (oiii|)oiiiids lil till' iom|ioiieiit Iniliiieeii and Indiowl 
^'toil|is ot Hatei )i,i\(' Idiie lieeii hiiouii to he sejMlive lo ml.ilvili 
an eleliitloli UlllieiiiiV 111 hH'ill.’ shoueil ihe latiiKlIi lliliileiKe of 
ai ids lit till' IndroK.sis oi iriv'ersion '' ol e.ine-snear, anoidiii» to the 
eijllatloji 

i 11,0 -C,J||,0,, [ C„1(|,0„ 

I'lSlreM' l.imilii'-i 

hv a si lid V oJ t he reai tioii veloeilv w illi u Iik Ii I lie |iioi e^s |itoi eeded 
Tins \eloiit\ (Oiild he defellllilied Uitli ease a^ ihe |aoe|ev,v iil llii‘ 
rearlton WMs an iiin|iaiiied ity a i li.inoe m t!ie o|iiii ,d loiaioi; |io'.\ei .tf 
the s\sleiii not ooK in deijiee, hilt also in ^lyn Ihioi tlie leim 
“ inversion " of i .iiie-Mie.tr 

Stiiill.IlK Ullli esien llieii IndioL s|-, In idniho) ,i|id ,ti ids Ill.lV lit 
iiiiiiiy nises, iei)iiiii- ve.iis lor nimpleiinn il u.iti'r .doin' is em(ilo\i‘i| as 
tlie linlndvln aeeilt Oil tile nnilr.iiv III [Oeseiiee n) small i|IMIlliries 
oi minend ands, ludiolssw m,i\ lie eom|)ielei| ui .i lew Inaiis and .ill 
tU'iils liehme 111 like imiitnei t liniieli m v,ii viiig di niee This eat all Ik 
intliiein e id ,i( ids is also loiind ill I lie h\diol\sis ii| nihei nie.iuii i om- 
poiinds, siieli IIS amides ,i(\I deio.itives, iiiiidii esters and keionm 
adds . As, III general sinli n'.ietmiis iiitueed slnwK ilte r.ite of pio- 
giess IS siiseepl ihle id eaii’liil iii(‘,i.''Uieineiit and nni'i'inn mlv lhe\ li,ui' 
foimed siiitnhie miitertal lor llie inveslig.ition of lai.ihtn [iroiesses 

The inversion ol i ane-Miirar, u iiiel) nun l>e r.ikeii ,is ihe i\ pe of all 
livdiolvses of various sugars and eHrladivdiales, Ini' heeii iinestmuiied 
smee the work ol Wiilielmv alie.tdv cited 1)V ntimeroiis idiseivers 
Willieiiiiy showed, exjienmentallv, that the vclocitv ol inversion at ,iiiv 
moment was |iro|iorlioMiil to the coiireiitralion of the sugar at that 
iiiomeiil This ilisco'erv was made jiriur to the iorniulation ot the law 
' .! Iml tsK7 l'hn„ I'l.M (8, KDo 

‘ VdiMi" K.iiiltii mi'l \lin<‘l t hmr I’tmi .W . HUH 40 I'l'iii 
’ ilniiili* iind l!uiii|iliii'i J r kill! Stt . I'JIX. 40 S.‘J 
* .1m«, IHVI. 81. 41.1, 4',H) 




XI HYDRATION, HYDROLYSIS, ALCOHOLYSIS 319 


of mass action, and is an cxperimontal consoqiuMice thcroof, provided 
that iIm' water is [)fese!it in lar^e (‘Xi'css and ehaiii'es onlv iU‘};lij;il)lv in 
concentration durinjr tlie reaction. The niailit'inalual expH's^um of 
this uniinolecuiar process is ^dven hy the e({uatu)n 


<l.r 

ill 


~ !\[>i • »■). 


where A' is a coinpoMtt* nin^tant. including: the reaction constant k 
ami the comentralioim of water and latal\^( ulmli are '<eii>iiilv con¬ 
stant thronj^liout the [»roc<‘ss; a m the orijiinal coiieenlraiion of ^nL^’l^ 
and / file amount converted in turn- / On mtej^nition the ecjiiaiion 
l)(‘conn‘.s 


K 


It 


fioni \\hicli. witii tin- aid o| the expcrminiial dei<‘riintiatioiis. reaOion 
vi-locity constants may he calcnlatt'd 'Die prnL:r(>s of the (han};e in 
•^n;'ar in\«Tsi(in as well as in ester hvdrohsis is ii-.uidv followed, hv 
jMil.inmetin' deternnnalions in tin- lorniei and hv defi-rminalion of the 
im rease of acidity of the solution in the latter case. 

1 lit* catalytii activitv of acids upon the two reactions was studied 
hy xaryin^^ the com-eiitriilion and natnri' o| lli< .u'ld «'inpio\e<| The 
researches oi howentlial ami Liuiiiseii (ISti’j) o| Kieurv “f 

Ostwald {ISSI). and o| Spohr (iSS.'r ISSS) u,i\'e Airlieiims (hsjsil) 
ahiimlant inalei-ial npon whnli to itase Ins dedmtions (omeiiiinjL' tin' 
part uhieh acids pla\‘ed in the eataivtie ptoees- It was ri'a«iil\ shown 
tliat im reuse in rom-entration of the joid •'a\e mereased \ehM-itv o( 
iinersion. the increase heme roiii^drU. thoueh not evai'lK pr<'porlional 
to the iiierease m corici'iiiration It v\,is Inrlher deinon-traled that m 
equal eoiicentratious. differeiil acids vaii-'d ercaiiv in tln'ir eataivtie 
acti\ ity.* This was ereatest with the suonn niim ral acids in\i'sti«'a(ed. 
Thus, a n-o iiorniui sniutiou of Indrochlone a< id <',il.ilcse.! t In -1 iversion 

times more rapid I v l han acrUie .k id of 1 he same nounalily ('loselv 
parallel results were olrtanmd in a stmi\ ol the corresprnnliiie hvdroivsis 
of esters llsinn siieh ar ids 

It IS common knowdedee how t liis heha\lout of acids towards supar 
inversion and ester hvdrolvsis was coiiplctl. hv \rrfn'niiis. with Ins 
ohser\ations upon the electrical iomluctnilv of aqueous srdtiiums i»f 
acids, and Inrw. as a result, the theorv was developed that the eataivtie 
rtctiviry (jf acids was due to the hvdroeeu ions wlin li acids yieldcfl 
when in solution. The .stnjn;^ mineral aeids. aceordm^ i*( the theory, 
pos.se.sj;ed a high eataivtieactivifv, hecan.s<‘. in .solution, tImir ilissor latioii 
into ions was prarticallv complete, t'oiivers<-Iv. with wr-ak at nK, foehly 
diss<'cialed. the catalytic activity was small 

The cflect trf the addition of a neutral .salt of a weak acid iijam the 


OKlwald,./. pr. C/i<m., tWtJ. 27, I. 
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miaIvtK, iiofivify of the anri assisted considerably in the dcvelopmeni 
Ilf till' (li.HMiciatioJi theory Arrhenius was able to show that the 
aihiilioii, for e.\anipii', of sodium awtate to a solution of acetic acid 
ciiornioiiHlv de|iri'ssed llio cafalytte activity of the arid Thus, a 0 25 
iionnal soliilioti of the salt, when added to a solution of the acid of the 
Slime iiorijialilv, rednred its activity in the ratio of 0 74'00105. 
Assimiiii'' that the addition of sodium acetate repressed the degree of 
dissoi lafioii of acetic acid and therefore the hydrogen-ion eonceiitralion 
III .Kcordaiiee wifli (he law of mass action, the caleiilated variation in 
till- real lion velocity should he in the ratio 0 74 tmiOO, a remarkably 
(lose iigrcenieiit with the ex|ierimcntally determiiitsl figures Accumu¬ 
lating evidence of suoli nature led rapidly to the aceepfanee, not only 
of the liydrogeri-ion ttieory of aeid catalysis, hut also to aceeptanee of 
(he (iiHsociation theory itself 

With strong auds the quantitative factors were b) no mean.s so 
icadily explKiible K\aet propoitionality between the li}drogen-ion 
(oneeiitriilion, as euleiiinted from electrical eondiictivity. and the 
Catalytic adivily does not obtain in solutions of strong mineral acids, 
e\ei‘[it, as was dciiionstralecl by I’nlmaer,' m e.vtrenielv dilute solutions 
Tlie iiKreuse in activity is always soniewliat greater than the increase 
in li}drogeii-ion eoneentration as determined by eleetrieal cmjdnctivily 
measurements Moreover, the iiifliienco of neutral salts of strong ac id.s 
IS very remarkable It is found, for example, that in ester mt.iKsis 
the addition of iv normal .solution of jiota^snim chloride ueeeler.ites the 
latidytic activity of a 0 I normal soluhoti of iicdror'ldone acid by as 
miieli as 22 per cent, whereas, on tin' simple diwueialion ilieor_\ .as 
with acetic inici, a diminution of r<'aetion xeloeirv would lie i vpeitc'd 
This interesting abiiorpiaiil}, the s"-eidled neutral sail adioii has 
oeeiqued the attention of a eonsideiable number of mvoticaiors down 
to the present day, and so far no completely satisiaeton e\jilaiia1inii 
of till' phenomena is forthcoming 

It lias been frequently shown, and especially by Poma* m an ex¬ 
tended senes of measurements, that, in ester eatalv-vis. (lie influence of 
neutral salts on the velocity of reaction dejicnils in high degree on the 
nature of the anions, and that the intluence of the i ations i.s either nnn- 
e\istent or wifhm the limits of oxjierimental error Thus, the chlondea 
of potas.siiiim sodium. litiititra, barium, strontium, and iiugncsiuni cause 
the eatalytie power of the liydruelilone acid to 1*0 enliaiiced to a|q)roM- 
malelv the same degree m equal eoneeiitratiuns of .salt Further, 
the inliiience of salts iliifers iti degree with the anion employed. 
Ill deseemiing order of aoceieraling efTcet c'ome the ehloridej, bromides, 
nitrate.s, and iodides, when imed with the corre.spoiulmg .Kid This 
oh,servution may be extended to all acids by .stating tliat the accelerating 
lutiou dniiimslie.s with diniimsluiig degree of di.ssociation as ealculatcd 
b\ coiidiietivity methods and hiiaily becomes, with weak acids, not an 
‘ ZoUik phi/mUl Chem , 1894, 22. • OaatM. 1011. 41. J53 
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aocflrratiun lait a retardation, as jirevioiisly nn ntioned in the ease of 
arctic acid. 

Karly aiijjgestions of Arrhenius to account for neutral salt action are 
t'vrofold It was assumed ^ that there exists in solution an e«]uilihriiim 
hetween the active and inactive forms of the suhstrate. ami tliat thin 
equilihriuin was ili.sjilaced hy inereasi* of iome eonetuitrahon in the 
direction of increase of active modilieation. therein- resultin;; m increase 
of reaction velocity. Anattem|»t at precisedilTermitiafion hetvAren active 
and inactive molecules in i-lnunieai change ha.', ns'entiv been made in 
the prcviou.sly discussed |^aper,^ hv Lewis.- in whieh papers the con¬ 
cepts of critical enerjfv and cnlica) inereinent o| em r};v ncecssary to 
produce reaction are intniduced The active nioh-cnles are assumed to 
ilitfer from the inactive in respeit of tlieir inlenial eiierixv. winch is 
considerably {ireater tiian that possi'ssed by an iivcra^rc niobviile of tlie 
.substance at tlie temperature in (pie.stmn Tlie fad dial tbe I'rilicul 
eiierjiy is liieli indieate.s that only a very small fraction (»f the total 
moh-cules will be active at any moment. In tin- seioml phn e. Arrhemns 
suyjfe.sti'd that tbe ions of the neutral sail )m\e .some action on the 
liMlroeen ions of 1 he acid and thereby contribute' to inerease tl a<'tivify.'i 
For .sfrone acids ahme. tins c«nild !»■ tormnlated bv an i-epialioii of die 
berm 

where K 1 -s the velocity constant. Lnnde'n ‘ e'Xlended this idea to the 
mathematical interpretation of die expejimi-iitai results in pre.senee of 
neutral salts, 

\ eon.sjderaltle IhmIv ed opinion lia.s soinilif the explanalion of (he 
aceeieratinii intliienee of neutral salts bv atlrilmtino to the latleT a 
1 •ineentrutm;! etfeet on the acid eatalv.sl. elite tee wilbelrawai of soIve*nt 
wal*T freim tbe seihition. The seilvafe’ ilmeirv of II .leme-s in .AimTiea 
is lapable* of sneli appln-ation. In Knelaml. an mve'sljt/atmii eif die 
preiee'sse's opeTative* ill .seiiutieiii bv 11. K Ariiislreiii;,; and iii.s e-eeweerkers 
lias be'cn animateel with a similar \i('W-pemit In parln'iilar, the' .stmlie's 
of (‘aldwell.^ WlivinjiiT.® .Vrin.strone and Watson,' Worley^ may be 
mentioned in this connediem. The \je-w is put feuwanl dial hdlrolysis 
is an a.s.soeiative proei's.s involving; tlm inie*radioii ejf as.seieiute'i! eom- 
ph'Xe's, the liyelrated hvdrolvte ami hvelrate'd catalyst, liy similes of 
the* inversion of sucrose and of the* hydrolvsis of csteTs. the apparent 
molecular hydration values of ae ids and m-ntral .salts have* be-e-n eide*r- 
miiied, ami the accele'rating inHuenri*s obser\eel m the sindy e.f reaction 
vedocity are attributed to such aee*iieies. Tin- th'-ory as de-ve‘le)pe*d is 
directly opposeel to the ^<*nerally acce-jite'd eh*cfreilytic di,s,sociution 

‘ ZniM-h. Chnn , 18KH. 4, 2:10 

* ■/. “ Sluiiir. m pfliU l.-i,. (l!tl i HUH). 

’ Xrilrrh. phyM. I'hm.. I«<W, 28, ' /'»'. IWII. 49. IH'.I 

‘ Hror. H<J). .HV., 78, 272. * /W. H«)7 |.l). 79, .7711, 

' ftiJ., 19117 (.4), 79, 579. • /W., WI2 (.4), 87. (9)4 
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tlinriry. nml if is claiiiH'd' thut, tfio facts disclosed go far to show that 
(Ins hv|s)fficNis i,s DO loDKcr lonable The associative theory has earned, 
however, coiisiderahle crificisrn Thus, Sentcr^ directs attention to 
(he fat I tliiil tilt' rehiiive iiciifral salt action of different salts is not 
thaf of their ordinary decree of hydration Fiirtlier, the relatively 
slii-ht inlliieiKe of leniperaliire uii neutral suit action^ js, according to 
Sen ter, 111 ilia iked (oiilradistmi tioii to the general effect of temperature 
tin l]\<lii(tir>n 

All .'Kciiiiiulatnin of evideiKc iliiring recent years has given support 
to the theory that, in honiogeiieoii.s Iitjiiid systems, the tiiidissociateil 
moleeiile of a eatalvtie siihstanee, ID addition to the ions, possesses a 
fertiiiii (h'tiiiite eatalvtie activity, whuh in a given reaotion, hears a 
defiiiil(' relation to that of lli.' ion whieli is eataiyiically active Re- 
searelie.s of SeiiierA of Acre.' and Nirdliiiger,^ and of Lapworth ® directed 
atleiition to the general piineijile involved, while, in the last-named 
leseaieh. the fii.e(ial jipplieiilinii to hydrogen elihiride was pointed out 
111 eomieclioii with the work on the elleet of \iater on ihe aefivitv of 
adds in ideohf.lie solution Rescin lies of (loldsehnndt on oulahtie 
esfenliialion hv itenls m ahoholie solution |p of Aeree amfliis 
eo-workers’ on niinieroiis reaelions IkUIi .atahtn- ,aml mui-eatalytie, 
'if Rredig. Millar, iiriitine. and SnHiilage on tln’e.ifaljtic livdrolysis of 
dia/oarelie esters (p .'fl'l), have, more recently. Molded contribtltory 
evi'ieiiee to the vuu-point that iindissoc lalod nioleniles might possess 
H spi'cilu (utalvtie .leiiMly ReMewine the available data. Siieflihige 
WHS led to suggest.'^ Ill leaetions eal.dvsed bv aiuK, and iheiefore m 
ester hydrolvsis and the mver'ion of <aiie-siigar, that the greater the 
stieiigth (it the cHfalvsiiigaeid, the greater is ih,. (.itidv In "aetivit\ of 
the iin-ioiiised [.uitmns as compared with the aetivifr I’.f (he ion If 
one n-vsiiini'S llial the reaction vehailv is (ompused of fuo veioLiitcs 
delermiiied b) the eatalvtie mtivitv of inoleiiile and of luii acting in 
pro|iorlir)ii to Iheir (oneeiitralioii. rim velomty may be ccjircssed |)v 
the eijiiatioii 

K-' iinA'ii ( 

where 11 refers to the coiieeiiliation. A' to the eataivti. aeftvity of ion 
or moleeiile, 11 or /II 

'I'fie evidence (o be brought forward m the succeeding chapter on 
the kinetics of esferiticufion and other dehydration proees.ses occurring 
botti III aleoliol and in water solutions mdicates an alternative to a 
theory of the lutalvlie activity of the umlissociateil molecule. The 
reseiirehe.s of lai[)worth and liis eo-workers (pj) dtllt, . 37 o) indicate that 


‘ See ('■[■•oi.illv Weilin, I'ii/ 

■' Ni',/ .luiff /'Add .S,jr, nilfi 3T ,V 
^ .tiwM' tVm ,/, 1IKI7, 38. 4HS 
^ .-tjner < kfiK .1 nuj (g ,'e,j 

" ZhIyIi Kldlroch>m 101 •, 18. <'htr>,, 1013. 86 Jll Sfs »l»o 

^•ylor, SUlInxhm , 1911, ao. floi 


* J >'h>m eV. nuiT, 9i. .(w 

* J Clum S'ur 1007. 91, 4iln 
‘ J. I'kfm .Wk UNIK 93, 2107 
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the active catalytic ageut may be the no!i-hydrate«l hydrogen ion. 
The abnormal variations of acid catalytic activity with change in acid 
concentration, addition of neutral salts or solvents, would in such rase 
be’ascribcd to the influence of these several factors on the equilibria 

ir+«H2o:;±irnH;s(). 

•where n may be a very variable (juantity determined not only by the 
water concentration but also by the concentrations of the other 
• constituents of the solutions. A beginning only has b<‘en made in 
th(^ quantitative development of this idea.^ 'I’he most important 
experimental contributions to the theory are to lx* fomel among 
dehydration proccsse.s (Chapter XII., </?;.}. Wlmt i.s concluded for 
such reactions, as to the nature of the catalytic agent, will ap{)ly 
also, with C(iual force, to the reverse ])rocesses of hydration ami 
hy(ln)!ysis. 

The solution of the problem of n*aclion velocity in its relation to 
catalyst concentration has been sought also. a.s pointed out in the 
chaptiT on the kinetics of homogeneous catalytic reactions, in terms 
of tin* activities of the catalyst speeir's. Thus, for example, in fin* 
investigations of Harned,^ .Ikerlof,^ Lewi.s an<l his co-W(irk<*rs,^ llron3te<l 
and Ills students,® the att'Mnj)t has been made jo '‘orrelat-o the reaction 
velocities obtained with the data as to activity of (lu* catalv.st, deduced 
from studies of the clectromofivo behaviour r)f acid-salt systems, 
freezing ])oint, distribution cxpcrirnenls, and the like. This attempt is 
aelualiy parallel to that discussed in the preovling paragraph. The 
one attempts a thermodynamii’ formulation of the catalyst concentra¬ 
tion ; the other attemjjts a kinetk' jiictnre of the catalytic proces-s. A 
more e.xtended treatment of llrdnsteirs point of view will be given in 
.succeeding paragraphs of this chapter wlam dealing with the larger 
and more variable .salt eiTc<-ts obtained in other hydrolytic proce.sses. 
It is only necessary here t<^ point out that in the inversion of sugar 
and the liydrolysi.s of ost/ors in pre.sence of strung aci<ls the salt action 
is. actually, small compared with that occurring in other processes, 
such, for example, as the decomposition of persulphat(‘.s in presence of 
iodide ions, the hydrolysis of dibromsuccinic a<’}d. and tin* like. For 
whereas in these latter cases the ratio of rca(!ti«m velocities in t)’l and 
0'2 normal total ion concyentrations amounts to -d‘8-2-i>, 

the corresponding ratio for 0*1 normal salt solutions with acid amounts 
^in cane-sugar inversion to about ami in ester hydroly.«is to 

about 1‘02. 

The catalytic activity of the acid in such reactions as ester hydro¬ 
lysis is now fairly generally attributed to the formation of intermediate 

‘ Rice, J. Amcr. Vift/i. Soc., 1923, tt, 2S08. 

» J. Amtr. ('hem. Sor... 1918, 40. 1462; 1922, 2hH. 

* fAHsch. jAystkuL Chem., 1921, 98, 260. 

* J. Chem, Soc., 1920,117. 1120; 1022.121, 1013. 

s ZeiUek. phyiikal. Chem.. 1922. 108.169. 
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.i(|ilifivc roinpuun'iH Tin' systematic uivestij;.itKin of the formation 
of siuli e()iii|ioiiri«fs has recently been undertaken by Kendall and his 
(0 workers,' and ilii' results obtained are not without significance in 
the iiiter|iretation of stiong acnl catalysis ami neutral salt action By 
the ecaitiinalion of a number of ester-acid systems, using a freezing- 
lioiiif nietiiod, it was shown that th<' formation of oxonnim eom|K)unds 
between esier aiul a(,id followed the same general principles obtained 
m earlier work on coiiipoiind formation in other organic systems For 
example, eombiiiatioii is most marked befwerm strong aeid,s ami esters 
of weak acids Knrtlier, the extent of ct>m]ioiuid formation deereases 
Hilli decrease of acid strength, althougli, (‘Veii with tlie weakest acid, 
lompoiiml formation was indi(atcd hy the form ot tlie curves, without, 
however, any isolation of rln* eoin|ioiiiul Bv making the railieals R 
ami R, of the ester R t’OOR, more negative, the degree ol coiupound 
l()rni,itioo also dimimshed The eoiieoril.ini'e of tliesi' lesiilts willi the 
fiiets ot I at ah Ik ai livity previously put forward is siiliu leiilh olivioiis 
In prompt the emu llisioii that the livpcilliests of tlie liitermedi.ite 
addilne (oiopniiml is fumhiimmlallv sound . It is nuule llie more 
com liisive by the studies of Stieeht/, ami Ins (o wiuki'rs on tin' parallel 
case of the hyiliolvsis of iniido-eslers (p .'io'lj 

The depeudeiui' of the \<'|oe|IV of livdrollsis of esters III presence 
Ilf (atalysiiig ai ids on llie nature of the ester siilistrate w.is e\(eiisivi']v 
iinesligaleil bv laiweiiher/,' who showed that Ihe nilliiemt <d the 
aliohul radiiul of the ester w.is (om[tanitivi‘l\ .slight, lull that tlie 
\<‘|oiil\ was lo ,i marked degree dependent on the iwnir. of the ester 
add Thus, ethyl formate hvdiolvses Iweulv limes mon' lapulh tliaii 
ethyl metale the \e|o<ilies witli meili\|. rfhxi and propvl aie|,i(es 
ar(‘all.ippro\imale|} ei|uid looneaiiothei wheieas with the liomoloeoiis 
seiie.s of r.slers of a<etii, propioiin, hiilviu, and valeiii amis the 
Velocity of hvdrohsis hecouies im reasillgh slower with llide.ising 
eom[)le\it \ of lu ul, I liiit ol till' for mat I' lieing <oie iiu mired f lines gri'iiter 
than lh(‘ velocity of hvdn.lysis of the valerate With uroiiialic esters 
the vclodty is even .slower Ktlivl acetate livdrohses one liumired 
ami lift) limes moie ra|mlh than etlivl l>en/o,ite wnh the same 
tum i'iitialioii of (atalvMiig at nl 

AJkalme hydrolysis of esters. Tie resolution <>[ an tester into 

hydridytie [iroiluels niav also be aceeieratod bv the use of alkalis In 
tins ease tlie aeiil [iroduei'd by liydroly.sis is iinmedi.itel) neiifraliseil 
by tlie alkali present giving the corrcspomling alkali salt of the acid 
The net result of the [irooess may be represeiitt'd b_\ the general etpiution 
H.r(>OK,-siM.(HI-K rOOM+ItjOH 

Thus, in the course of the reaetioii, both ester ami alkali disa]i[)ear, 
till' ri'iiction jiroceeding until one nr other constituent i.s completely 

I S.f ! Im.r (%m .Sor, l‘)l|}, 38, I'lg, I'll: 39. 

Zitiwk I'kffiltil f'htm , law, 15 , .ISl*. 
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uspd. Obviously, also, tlu* reaction is biinolccular. and the reaction 
velocity equation is of the form 

'( 7 / 


wlK'rc n anil h an* the concentrations of eater anil alkali, and / the 
amount of each transformed at time t. Kxpressed in the integrated 
form, this ei|uatiim gives 


<■ = 


I 

/(o-h) 


ii{h j ) 


with which the reaction constant k can be calculafetl from tlie measure¬ 
ments of the coiKM'utrations of the reactinji substances, As. m the 
process of reaction, the alkali is converted to a neutral salt, the 
velocity with which the action j»roc(‘cds can he dtUermined by titration 
wifli standard acid. 

In this manner Ueiclier was able to study • tin* v<‘loeilv of hydrolysis 
or sa|ioin(ication, as it is betti'r evpressed when speakni^ of alkuhne 
hydrolysis, of esters m jiresence of sodium, potassium, ami culiium 
hydroxnles. it was demonstrated that, in dilute solutions of alkali, 
the velocity of saponification was iiidiqiendent of tin* nature of the 
fiase. ]iio]K>rlional, liowever. tr> the alkalinity -f the solution Tlo-se 
results le(l later to the conclusion that the hydroxyl ion was the actn'e 
hydrolytic aj^enf ; tliat. moreover, the reaetion was truly catalytic m 
nature, the eatalyst. however, beinji removed from the sy.stem hy the 
sul»se«juent and independent interaction of the basi- with the aeid 
formed by hydrolysis 

The relation of velocity of saponiticafion fo I'oiisfitufion of ester 
has. from Heichcr's ex[ierimejtl,s onwiird, atlraclefl considerable alti'ii- 
tion. Tlie iiiHueiiee of tlie alcohol is apparimtiy more iiurke<l than in 
the ease of hydrolysis by achls, isobiilvl acetati' being hydrolysed only 
om-half as rapidly as methyl acetate m the .same strength of alkali.^ 
The iiiHuciK-e of the nature of tin* acid radical is hy no means so pro¬ 
nounced, however, since, witli dilute soda at 14 , tin; vi'loeity of 
sapoiiiticatioii of the acetate is approximately double tliat of (lie jso- 
binyrate, six times tiiat of the isovalerale. and four times that of the 
benzoate. Later work^ on the constitutional influence of tin* aiyl 
grouping shows, however, that the velocity i.s determined largely fiy 
the complexity of the acyl group and more esjiccially hy suhstituenfs 
in close proximity to the carbonyl group. Assuming that hydrolysis 
is preceded by formation of an intermediate additive comjxmnd or 
ion complex, it may be deduced by analogy with thi* re.sulfs of Kendall 


' .inniiUn. 188.'). 228. 2.'i7. 

* ArrlM'DiiM, ZtUwh. phjfxtkal (’hem., 1887, 1, 110. 

* lljflt, Bfr., IHWa, 29. 1864 ; Keltiw. i>hy*ikal. rhm . 1807. 24. 243 ; .'tiidboroUKh 

*n(l Friliiiai), Proc. AV., 1897, IS, 24.3, Findlay and TnmtT. /. Cliftn. Soe,, 87, 

747; Gyr, Her., 19U8, 41, 4308 , Findlay and Hickmans, J. (’hfm. Ucc , 1909, 95, I0ll4. 
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on sci<J hydrojyHifl, previously (itc<l, tliftt the strength of the acid 
forming the radical in the ester would also detenninc the velocity of 
the hydrolysis Expermicntfti tost sltovis this to he the case. 

The addition of neutral salt* to s) steins of alkabiie hydrolysis of 
esters may either rcjiress or aecrlerat<' the velocity of saponification, 
as was slioifn by Arrhenius ^ and by Spolir ^ The |theQomenoii of 
neutral salt action m alkaline hydrolyses is, liowovcr, much more 
obscure and imformiilated than is the case with aeid hydrolysis, the 
same regularities being by no means obsen’able Thus, in the hydro¬ 
lysis of sodium cliloroacetate by sodium hydroxide i^eiitor showeiP 
that the addition of salts accelerated the reaction ISronsted’s treatment 
of such cases will be given at a later stage (j> 5til) 


TKonNiCAi. Arri.iCATioNs of 11vdhoi,v>[s 

The hydrolysis of augurs and of polysaechandea, as ft<'Il ns of esters, 
finds extendisl techiiHal ajiplication in seveiai large iiidiisines The 
wliclo soap industry is concerned with the liydrolysis of tiie fatty and 
esters of glymiiie, and, in the tallow industry, fatty adds are ollamed 
by hydrolysis of the corrcspoinling glycerides Tlii‘ mannfacfiire of 
gliieosi* from starch is un example of the hydrolysis id polysiiceharides 
and prodactmii of invert-sugai, whilst the degradation of etdluiosc by 
hydrolysis to (eriiieiitnble sugars rafiablc of Mclding alcohol for in- 
diistfiid piiriioses is an ii)diis1r\ of recent growth and of ronsidcrable 
]>roinist‘ foi siibseijiiciil development The nuire iiii[tortant Midilitie 
aspoids of these Icclmti al applications merit indnnlmil discussion 
The mazmlBCtare of glucose. Thcindii.striiiidevilojmicnl ofcat.dylic 
hydrolysis of polysaccharides for the [irodiicUon of glucose al tallied 
considerable proportions As raw inalerial for the prepHratioii, starch 
or stanh-contaimiig mafeiiuls are cni[iloyed In KiiglamI, rice rice 
slurch, inaixc, and .sago are cliiclly used Toliito starch limb applica¬ 
tion in (jcrmaiiy In America, the starch from inai/e or fndian corp 
is the principal material All such mafcrmls yield, witli mnls prmlurts 
containing more or Ic.ss of the glucose dc.sired The ri'UdKJii occurring 
may lie re|>rcseided i>y the general eipmfioii 
(t rlljO--- 

As hydrolytic agents, dilute ar ids are employed, tlm acid fiinctumnij 
as cutaly.sl. Various acni.s find technical application In Europe, 
siilpliiiric acni w the usual leageiit used. In America, hydrochloric 
acid IS mainly employed. Otiier strong acida, such as uitrie and 
phosphoric acids, may be employed if local citcumsfnuces are faiourable, 
to their use. Even au]]»huroU8 acid has been suggested os a liydrolytitf 
agent. 

‘ ZnlioA. jWynt«/ ('V;n, ISWT, J, 110 * /W, ISlW, i. IIW. 

• g I907,»1.W2. 
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Ilfat ia always em|}loycd to assist the [irucoss of liydrulysis. (losi'd 
converters of cast-iron, coiiper, or enn-nietiil lia\e rc|ilaee(), almost 
entirely, the original leail-linecl open eonverlerv niniie of wood. With 
the clo.sed type of converter the temperature i.s maintained hy injM'tion 
of steam up to pressures of 30 lbs. 

With sulphuric acid a 5 per cent aipieoiis .solution is em[iloved in 
the open system. When pressure i.s .siniultaneou.sly lused, the per¬ 
centage of acid may he reduced to as low as tt-.'i per emit Kor unit 
weight of dried .starch, ajipro.ximately two and a half units by weight 
of the acid solution are required. In modern .\meriean praetiee it is 
enstomary to emjiloy large, volumes of water with uhieli a paste of the 
starch is made, and to which small quantities of pure iivdroidilorie, 
acid are added to assist tlie hydrolytic proee.sn. The whole ma.ss i.s 
subjected to a high temperature, under pn'ssiire. in ma.ssive copper 
converters. 

Hydrolysis occurs in definite .stage,s. After a short period of heating, 
the starch ia completely converted to dcxtriiis and maltose. At this 
stage, it no longer gives the blue coloration willi mdme, liiit a reddish 
brown coloration indicating the ])re.seiiee of a-de.\triii. With further 
action of the acid, the de.xtrins and maltosi' yield glucose. Tlie ahseiiee 
of the dextrin is deteriiiined by the. iioii-ajipeariitiee of a precipitate on 
addition of twice the volume of alcohol to a .sample of I lie liquor. Care 
must he taken to avoid earrviiig livdioly.sis loo far, as giiieose may 
itself he attacked by tbo acid liquor. Tlie proee.ss of liydrolvsis mav 
bo slopiied at anv desired stage aeeordiug to Ibe produel desired. If 
the '^yrup is requiml, tin* process is stuppcfi irmncdiatcly iodine pves 
a jfort wine colour to tlie Holution. Consequently, corn svnip eontainH 
marked quantilies of d(“xtrin, a\era^un;j jH‘r eenl. wiili an etjiial 
•(uantity of glucose and 20 per e<‘nl ctf w.iter. Solid gjiicfisc is olitained 
from solutions which no longer yi<“Id the doxlrin test, and the utdiydroiis 
sugar therefore generally contains less than I per et-nf of this impurity, 
with not more than 5 per cent of water. 

Naturally, the time required for ccmjiletion of the hydrolytic pro¬ 
fess is governed by the three factors: mean temperature during tlie 
operation, the pressures employed, and tin* eoneeiitralion of the 
catalytic agent. The nature of the final ])ro<luef also governs tlie 
length of the process. For the .solid jiroduet, the average time retpurefl 
is about hours ; for the syrup, half tliis period or less. 

After hydrolysis, the catalytic agent i.s remoNed by neutralisation 
with alkalis. For sulphuric acid, a milk of finely ground chalk in 
water is employed, the precipitated sulphate is alIowe<I to settle, and 
, the clear liquor drawn off. Soda ash is used in American practice, the 
mixture being left just faintly acid. Kxeess of alkali is avoided, as, 
even in small tracea, it imparts coloration to the liipiid in the subse¬ 
quent operations. The filtered liquor is then partially concentrariid . 
“and passed tErough filters of decolorising charcoal, the resulting 
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('ii‘Ar liijiior tln'ii f (>tic(‘iitr,i(.0(] iti vacuum jiaris iiiilil tlic dcsirecj 
(ouccofruDun ).s readied On coolinf;, tiio mass crysJalJises 

Qlacose from ceJiuIose.- Wood ceJiuJoLse may /orm a cuuMdi'ralde 
source of glucose flii|)pjies m fhe future, and efforts to acliieve the 
hydrolytic conversion on a technical scale have beim iiiiDieroiis Tho 
fuel |irohletn for the motor industry has stimulated mtercst m the 
[iroeess, since the fermentable sugars produced can readily !>e enijiloyed 
in tile imuiiifaetiire of alcohol 'I’he disintegration of cellulose is, how¬ 
ever, a matter of great diftieiilty, ami, as yet, it has not been so far 
generally ileveloped as to compete eoinniereially with the pioeissi’s 
eni|il<i}ing starch 

The vanoii.s as[H'ets of the probhmi have l)i'en presented somewhat 
as follows liy |<' \V. Kressman of the I,' 8 Forest Products LaUirafory, 
Madison, Wuseonsin. and in a paper iiy the I' S Department of (’om- 
merei', " liy-proiluets in the l.iirnber Imliistr) " Then' is a liirgt! 
margin in flu' cost of raw materia! m favour of aleohol fiom woorl 
waste as against aleoliul from gram 'I'ln* fuel eliarges of a wood-uuste 
mstullatioii are always a much smaller itmii than in the case of ,i gr.im 
liistitlery, since most sawmills piodiiee w.isle (oiisiderablv m oxi^hs 
of then own [lower rei[mreineii1s From wood waste, howeviT, a yndd 
of 2ti gallons of proof spirit per ton of w<i(Ht ri'preMmfs good [iradiu' 
as eomparod with Wl gallons per ton from coin It is obvious, tliere- 
fori', that tlie aiiioimt of miitenal haiidh'd m (erlaiii [uuls of a |ilaiit 
prodiKing aieolud from wood will be four times .is great as m a gram 
distillery of eipial eapaeify Heiiee the <apila! outlav ,uid eo'-ls of 
o|)erati(iii wdl lie Mjmewhal greater Portious of the plant, however, 
and among tliese the huger items, as, (or example the fermenter and 
the still e(|Ui|mieii(, will nrti need to be hirgiT so tlia! one of the major 
costs of juudiK'lioii will not be meriMsed Tiie ImLiiii'c of [joints, ||. 
will be oljsj'rved, is rli.sfmell} evmi, and with favoiiraide euiiditions tlie 
alcohol indiistrv from wood ecliiilo'e niav le.ip fjjrw.ird as a i'(immeri lal 
8 ueees,s Hitherto, tlius bus not lu'eii rtmliscd exteju m parlnular 
cases 

The pri'iesses em[>l<iVet] for tin' [trodiiclion of .aleuhol from wood 
may lnM’hts.sili<‘d in lw<igrmi[i.s, (a) Imlrolysisof eellulose to f.‘rmentabie 
sugars by means of dilute miner,il ,ai ids acting aseatfilyht-,, (b) prm esses 
in which (he wood is dissolved in eoneentral.'d acid, ii).lrolysis being 
oflected on siibseipient dilution Tins latter classitKation has not yet 
received commercial apiiheatioii owing to the liigli cost of the acid and 
the expense and labour of recovery of tlie siamt and liipior The 
French juitent of Ekstroin’ is of this type Treiilmenf with 95 per 
cent siilpliurie acid for twenty minutes, followed by dilution to 
1 jier cent acid strength and (iigestion for a period of one to live 
hours, was specified for liigh conversion of cellulose to fermentable 
sugars 


Fl* J8(I368,1907 
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In the dilute acid processes, Sinionsini ^ empIoytMl dilute sulplmrio 
acid «d 0-5 per cent strcn^itfi. A jin-ssurt? of H atniospheres was 
employed, the material being in the proportions of one part of wood 
to four parts of the dilute acids. Digestion for a period of one-(iuarter 
of an hour was said to yield fermentable sugars sutlieient to give a 
yield of alcohol equal to 6 per cent of the dry wood employed. 

In some recent modifications of the dilut(‘ acid j^nxess the operations 
have been directed towards the use of hydroehloric and sulphurous 
acids with a considerably smaller moisture content. The work of 
A. ('. (-lassen directed attention more particularly to the use of sulphur 
dioxide as the hydrolytic agent, and its eommereial development, is 
being actively pursued. An acid concentration of I per e<'nt is em- 
])ioycd. The moisture content is kf'pt as low as possdile for the sake 
of economy in the subsequent neutralisation afid ^•^)n('entrati(m pro¬ 
cesses, as well as for greater ease of regulation nf the lemperature 
time factors, which are of great importance for suci-essful opera¬ 
tions. It has been found that a bOibO wood-aeiil liquor ratio 
is not above the saturation limit of the wood, wliieh ran therefore 
be handled in conveyers as with the original sawdust The heating 
is effected bv means of steam, the operating jiressiires being from 
7b-H)t)lbs. 

Till* separation of the sugars from the wtiody residue of the hydro- 
lyfie proci'ss is effected in standanl beet sngar ditfiision batteru'S pro¬ 
vided with sintaide acid-proof linings Neutralisation of the acid liquors 
is gi'iierally eifeeted by means of lime, milk of lime, or a high-grade 
liiiK'stone. The fermentation of the .sugars is carried out in aeciirdance 
with standard practice with a foiir-dav ft'rmenlatioii period. I he 
distillation and rectification of the alcohol are .standard |>ractice and 
involve no special probhuns. (Fig. 17 ) 

As to yields, obtained and jiossible, it may be observed t hat from 
‘2b-2H per cent of the anhydrous wood may be rendere4i soluble, of 
wliu'h as much as 80 per cent is fermentable sugar. 1 hiis, a yield of 
2tl-22 ])er cent of saccharose.s, corresponding with it»-ll per cent of 
ethvi alcohol, equivalent to 35 gallons of Ob per cent alcohol per <lry 
ton of woo<I, represents th(‘ maximum goal, .'\ctualiy. the average 
practical yieULs scarcely exceed half this amount, a figure of 20 gallons 
per dry ton being now good jiraetice. Kvidently there is a considerable 
margin for improvement. 

The residue after the sugars are removed amounts to 70 per cent 
of the original wood, and this also possesses a definite fuel value which 
may be utilised in the plant. 

Thus far the large-scale technical operations of the procc.ss have 
been confined to the United States, where, within the last ten yi'ars, 
according to a recent statement by Tomlinson,^ two plants have been 

* ZrtUKh. anjfto, f'hem., 181)8. 195. 219. 962,^007, 

* ConveotioD of Canadian Clifmu'ta, Ottawa, 1918. 
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)fi cnutinuous opmUon, pTodncwg a /ugJi-grade a/cohol at costs com- 
fw/iiig wi’il with tlioso of other sourw^ It may ho expected that 
si/iiilar dcvi'lo|im('nt.s wtlJ occur m Canada and other timber-producing 
areas 



I'U. 17. 


Sagars and alcohol in the sulphite paper pulp process.—The waste 
liquor from the production of paper pulp by the sulphite process 
contains fermentable sugars wlucli may also be used as a source of 
alcohol. This process of alcohol production developed during the 
Great War to considerable proportions m Sweden and Germany, and 
may bo expected to thrive whenever economic conditions are again 
favourable. • 

A comprehensive discussion of the sulphite liquor alcohol problem 





Jias been given by Haegglund anti Bryant.* In tin* production of 
: sulphite pulp, calcium bisulplito solution is usetl. KlTorl is made to 
use a cooking liquor with a high content of free sulphur dioxiile. Tlio 
solution normally employed will approximate to per cent free and 
l-l*l-2 combined sulphur dioxide. In C(n)king. 3'5-l limes as much 
liquor, by weight, as hone dry wood is used. 'I'he time of cooking is 
dependent on the strength of tin* liquor, the nature of the wood, and 
the working temperature. The direct cooking process. op(‘raling at 
140^-145° 0., occupio.s 10-12 minutes. The indireet process of cooking 
shonhl in>t go to temperatures ab(»ve l.T')' (’. and 1aki‘s from If) to 
20 hours. 

With a constant combined snlplnir dht.xide contt'ut of MT) ])er cent 
Haegglund show'cd tlmt the liigher the j-oncentralion of fr(‘e sulphur 
dioxide the quicker the sugar goes into .solulion. Tlie maximum sugar 
formation w'as reached with a 3 per cent free sul]iliur dioxide in 15 hours 
at an operating temperature so controlled llial, aft<T 1-5 hours, llto 
digester was 105° C, and attained a maximum temperature of 155° (\ 
The higher tin* content of free sulphur dioxidt* I In* nmn* readily were 
the .sugars decomposed. 

Haegglund states that neutralisation of the acid Inpiors was best 
carried out bv a combination of fresh slaki'd lime for tli'* preliminary 
neutralisation, during winch the liijuor is vigoiously aerated, witli or 
without oxhlising catalysts, with a sulkseqiient final neutralisation with 
pulverised limestone. Tin* li'jiior, after neutralisatnm, is settled, 
cooled, and run into fermentation vats. A high resistant yeast is 
needed for the fermentation process. The yeast tyi'e XII. and the 
yeast mixture M of the Institute <if Kermeiifation Industry in Berlin 
were specially recommended for fliis op<‘ration. I rider favourable 
conditions the fermented liquor contains 1 j)er cent by volume of 
alcohol. 

The hydrolysis or saponification ol oils and fats. Tin* prineii>le.s of 
catalytic hydrolysis find extended indu.strial a])pIieation in the hydrolysis 
of the glycerides in fats and oils for use in the soap, candle, and glycerine 
industries. Tlie chemical reaction oeeiirring in such iiydrolysis may 
be generalised by tlie equation 


cyr^foocRiafaHOH- 


,011 

-X'.Hft^-OlItdUCOOH, 

''OH 


where R denotes any fatty acid radieal. The reaction is a true case of 
a hydrolytic splitting of an ester into an alcohol and an acid, and, as'^^ 
in the cases previously treated, may be eifected by water alone, but 
may he accelerated by the use of catalytic agents either acid or alkaline. 
When alkalis are employed to effect hydrolysis, conversion of the 
alkali and fatty acid to the corresponding salt occurs. Thi-s is, there- 

1 Paper, 1917, SI, Na 16 <f ; »l«o Can. iA*p/. n/ Forexlry, Hull. X«. G6, 1919. 
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fore, a true case of Kaponifioatioii Actually in the inrlostry the term 
saponilii'alioit is apjiiu’d to all the nictlioils of proniolmg hydrojpw, 
holJi by acitl and alkali, the term hydroij’sis being coiibncd to reports 
sdentilic iti character Whether b}’ acid or alkali, the initial process 
IS that gettorahsed in the above eipiation, being followed in the case 
of alkalis by neutralisation of the free fatty acid with the {onnation 
of a soap 

The niccliniiism of the hydrolytic process may best ho understood 
iiy reference to the hydrolysis of the glycerides of the, simpler aliphatic 
ai'ids, where, owing to the fair solubility of the glycerides m the 
catalytic medium, the conditions of 0 [K^rations are simpler and more 
readily controlled than is the case with the glycerides of the mor<* 
comjdex fatly acids, which are but sparingly soluble, yield eitiiilsions, 
and insoluble, or only partly soluble, acids Siicli study shows that 
the hydrolysis of the glycerides occurs m successive stages, di- and 
moiKiglycerides being first formed as mtermediato compounds yielding, 
finally, glycerine ami the fatty acid Thus (JeiteP showed that the 
liydrolysis of tnacetin, the glyceridi' of acetic atid, was apparenlly a 
iinimoleciilar reaction, but that the velocities of hydrolv^is of mom)-, 
di-, and triacetates in diluk acnis were in llie ratio,s of 1 '> .‘5 The 
parallel result with the acetates of glycol was demonstraied bv .Jiilitj,s 
Meyer in 1907 ,^ where the rates of hyilroly.sm of the two ao'l.ites wer*' 
in the ratio of 1 ,2 Abel’* ami Kreinanii,'' stmKing both aiid ami 
alkaline hydrolysis of esters of polyhydnc alcohols, sliowi-d the s,tnie 
results as those of (ieitel, ami deiiionstrafed that the ap|)arent nni- 
iiioleciilar nature of the liydroly.sis of the complete gljeeride was n 
raatliematieal conseipicrice of the fact that Indroijsis oeciirreil m the 
three successive stages, the rates of which were, as (leitel li.id shown, 
m the ratio of .‘t 2 1 Later work by Taylor,'' on msitral salt action 
111 the acid hydrolysis of tnacetin, further confirms thus view' 

It 18 without doubt true that the hydrolysis of the more <'omple\ 
glycerides in fats and oils obeys the same rule of Huc(.es.sive stages of 
hydrolysis, modified naturally by tin- fact that the reaction oeeurs in 
a bcterogeucous medium in which, as I,owenticr/, * Himwed. the velocity 
of reaction was constant ami determined by the solubililv of the ester 
III the catalytic medium Iiislances in support of this view of sue- 
cesaivc stages as applied to the fats and oils may be cited Lewkowitsch 
detected the jiresencc of dierucm in an old sample of rape oil, and the 
observation of Gruen and Theimer^ on the hydrolysis of distearo- 
clilorohydnn, in which the intermediate stages of the hydrolysis of the 

‘ J ft Cftcm , mi (11), M. 417 , 1898. 87, 118 

* KkUnckm. 19(17,13,18(1 

* Zttliek phytikal Chm., 1900, 60. COS 

‘ Zf,lxh miMkm. 1007,13, 307 

^ il(dd K 1 tUnskaptaltui !iobti hat . 1913 (ii), Mo 3t 

* Zttlfck pkj/niml C'A<in., 1804,18, 389. 

’ trr, 1907, (». 1801 
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di^'Iyo(‘ri(l<‘ were inolated, is deoisivi* proof. Dofcotion (if iiitorm('di«to 
compounds in partly stiponificd fats is, however, an extreiindy dilficult 
matter. 

Ilydroly.sis of fa<a and oils by water alone is perb'Otly possibles 
tboujrli, obviously, slow in practice It was ueluallv employed in 
practice in the process of H. A. Tiljjbinann, who caused the fat and 
water to be forced through a (Mnb‘d pipe heated to The hvdro- 

lysis was incomplete, and destruction of the fatty matter oecurri'd. In 
modern attemjits to carry out hydroly.sis by w'at(T alone. tb<‘ use of 
supc'rheated steam under presaun's u)) to if) atmospheres lias been 
invoked, always, liowevor. with the diliicnlty that the pnwt'ss is never 
complete. 

The use of acids as catalysts lias led to two di.stiiicl technical pro- 
('("(.si's, the so-called Acid l’rix‘('ss and the Twitchell IVoc«'ss. These 
inav now be considered. 

The acid process. --Lewkowit.scli has shown that, using liydroeliloric 
acid of sj(. gr. MO as catalyst, hvdndysis of fats and oils may be 
accelerated, but the proeess has not aeipiired teclinieal importance as 
yet, since the reaction can be more readily acconiph.slied using con¬ 
centrated .sulpliuric acid as hyilrolylic accelerator At first .^igbt this 
wimld appear to !n‘ an anomalous result in vew of the known fact 
that liydrocldoric acid is the stronger acid of the two. It is jjrobabiy 
(‘Xplaiiied partly on tin; view that hyflrochloric acnl does not facililati* 
mutual solution of fat with water and on the fact tliuf emulsification 
is small with hydrochloric acid as agtoit Knrthermore. suipinirie acid 
is pndiably elfcctiw through the forniafion of fatty snlplnuiic acids, 
which are doubtless stronger acids than tin* sulphuric, acid itself, 
promoting, also, mutual s(jlubiiify in tiie two phase.s and <’innlsifica1ion. 

Tin* action of sulphuric acid as liydrolytic agent was first descrilK'<i 
liy Cornett in 1777. A.s now employed in iiraclh-e, the operation is 
l)neflv sonn'what as follows. 'Die fat i.s first lieah*! to I2t) to free it 
from water and then run in the molten .state into a mixing maiditne, 
in which it is thoroughly admixed with I-ti percent of concent rat.<*d 
sulphuric acid of a gravity of t'O Ib'c With acid of .such strength, 
the suhsequent hydrolytic change attains its maximum. During 
the }iroc(‘.s.s of mixing, which occupies minules, ^'action i.s 

vigorous, the ma.ss chars to a certain extent, and some; reduijtion of 
sulphuric; to suljduirous acid occurs. In this jiart of the process, 
mixtures of sulphonatcd fatty acid.s, .sulphuric e.sters of glycerol as 
well as the free acids, ami variou.s products of .se<;ondary reactions are 
undoubtc*clly pre.nent After completion of tins reaction, the mass is 
boiled with watsT, the fre<‘ fatty acids rising to the surface and Ihc) 
glyeerine remaining behind in the acjueous solution of sulpliuric acid. 
It i.s this second stage of the proeesa which forms the rc;al hydrolysis. 

A considerable advantage in the employment of the acid process is 
the increase in the yield of solid fatty acids over that attained by 
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odxT proiwsi's Tlii« ks tce/i Jcmousiratef? by Lewkowitsch fo be 
(/lie (o ronversjo/i of a porfio/i of tlic oleic acid into the solid iso-oleic 
iwid l)y a complex scries of changes involving the intermediate forma¬ 
tion of snlplio-oxystearic and oxystearic acids, This conversion is 
i-nc of great tccliiiical importance, since it result in increased yields 
of caiiille material ‘ The glycerine yield is smaller than that obtained 
by catalytic processes employing alkalis 

The Twitchell process. -The importance of the catalytic agent 
einphiverl, m the successful operation of a catalytic process, is beauti¬ 
fully demonstrated in tlie Twitchell process for the hydrolysis of fats 
and oils into glycerine ai\(i fatty acid. The Twitchell reagent also 
excinjililies cxcellcnlly the applicability to practical problems of know¬ 
ledge accumulated m the course of theoretical investigation In this 
[larticular case the theoretical knowledge did not precede the invention, 
since the hrst patent for the Twitoliell process^ was granted at a time 
when the attention devoted to catalytic jirocesses was not so pro¬ 
nounced as it now IS, and when the flieoretieiil point of view relative 
III the nieeliiuiisin of tlie [irni'e.ss \vn.s by im means so di'vi'loped -i.s it 
is to-ilay 

In an investigation of the catalytic role of .sulphiino acid in the 
hydrolytic splitting of fut.s and oils, Twitchell obseivrd that sulphur 
eoiniimitids jiroduced bv the action of the siil|>huric acid upon tiie fat 
might be separated Iroin the fatty maternd by suitable ■n('ibods of 
I'Xtraction, ami could readtlv bo identified as .suiplioiiic arnls To such 
acids Twitchell atlninihsl ilic catalytic jirnperties observed m the Amd 
Trocesa of liydroiysiH Accdrilingly, he pre|Mred slllpilo•,K■ld^ of the 
fatty acids, such as siilpho-stearic and, and sinli reagents wen* the 
agents lirsl i‘m]tloyed by him for the hydrolysis b.iter, the accidental 
discovery of fatty aromatic siilpbomc acids yiehlcil tin* reagents which 
liave been put to practical use in the separation of glycerol and fatty 
acids The original aromutic fatty Hul|iiiuiiK acid was made by treat¬ 
ment of a niivturc of bciizeiio and oleu; mill with an excess of Milpliiiric 
acid On pouring the mass into water, an oily layer of the desired 
product resulteiP Itislead of beiizem*, naj'hthiilene is iisi-d with oleio 
acid in tlie mamifactiirc of the commcrciai article, ami other hydro- 
caibotis may also find application Such catalytic agents, when added 
ill the proportion of a half per cent or less to fat hoiliiig with water in 
an open tank, will cause the separation of the glycerol 

The views of Twitchell in regard to the properties of a suitable 
catalyst for the hydrolysis of fats have been expresseil in his paper, 
'■ A Ueagenl m the Chemistry of Fat The catalyst should be a 
strong acid, highly disaociatod in water, and should Iw soluble both 
111 the fat to 1)0 hydrolysed and in the water It should also tend to 
promote the solution of one m the other It is now well known that 

* Sof' lywltiiwitAi'h, Trcha (hh. Folt, a»i Wain, vtJ 3, p 1S8 
00lt)i>3/lS!n MI S P «2W03/18ft0 
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tlie aromatic sulphonic acids are very strong acids, comparable in 
strength with strong mineral acids such as hydrochloric acid. The 
introduction of higher fatty radicals intt) the nucleus conf<‘rs ujxm such 
acids the physical character of fats or oils, thereby iucreasing the 
mutual solubility, wliilst at the same time yielding soa])y solutions 
with water. The activity of the hydrolytic agent has ln'cn attributed 
to the emulsifying action of the reagent, )>rf)moting (he formation of 
an intimate mixture of oil and water, thereby exposing a greater surface 
of action to the reagejit. It must b<^ observed that emulsification 
alone is not a 8uffici(*nt explanation, as fats do not hydndyse at llH)'’ 
to any practical extent with water alone, ev(‘n with good emulsification. 
It is to the presence of the strong acid and the promolimi of mutual 
solubility as much as to emulsification that the (dlicient liydrolysis jnust 
be attributed. 

The first operation in the j)roce8s usually consists in the rionoval of 
foreign impurities by boiling the fatty material with dilute sulphuric 
acid. The fat is then transferred to open wooden tanks and mixed 
with half its weight of water, to which is added 2 percent (d (lie catalytic 
agent. The ma8.s is then thomughly agilut^'d Ity bh>M'ing through the 
3y.stem live steam from perforated ctiil.s in the fa?»ks. Hydrolysis is 
complete in about an hour, after which the emulsion is destroyed hy 
the addition of dilute sulphurie acid. Two layers .sejiarat(“, (he fat(y 
acid in tin* upper ami the glycerine in tJie a<jueouH layer beh»w. 

The advaidages to be gained by (lie use of tin* Twilchell proci'ss 
are many. In operation it i.s simple and the cajiital eost of jihint 
recjuired is low. It can also be employed in large units, as contrasted 
with the small units and lieavy initial cost of earlier hydrolytic pro¬ 
cesses. The jirocess i.s operated at the ordinary preshun*. Th(‘ process 
of hydroly.si.s is practically complete, ami, for low-grade fats, it is 
specially suitable. In this way materials such a.s garhag<‘-groase and 
the footings of cotton-seed oil can be employed as raw materials in the 
?oaj> or candle industry, thus rehiasing liiglu'r-grade. fats for use as 
food products. With low-grade materials fractional distillation of the 
fatty acids is necessary to im})rove their jiurity and colour. The 
?lyccrin<‘ liiiuors obtained are free from salt.s, ami so the proces-s of 
jouceiitration is much facilitalod. Since the, product of hydrolysis is 

free fatty acid, the more econoniical so<lium carbonat<* can be used 
n place of caustic liquor in the jiroduction of soaps 

The process h now extensively used, not only in America, but also 
n the continental European countries. The larger soap plants in 
Sermany, Austria, Belgium, Holland, and Bcandiimvia operate princi- 
jally with the Twitchell process. Its use in this country is increasing. 

An analogous patent tu the Twitchell patents has recently been 
ibtained by Petroff in Russia. In this case the reagent employed is 
)btamed as a by-protluct in the refining of petroleum with fuming 
mlphuric acid. The compound is a simjde sulphonic acid of hydro- 
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nkrfn)]i radicals, probably not of t!ic, paraffin scries It is now being 
largely employed as an efficient catalyst for hydrolytic splitting 

SaponiBcatioo ot oils and fats by alkalis. -In considering the 
tecliiiKal use <if altviiliiii' catalysts for promoting the hydrolysis of 
glyciTides, llie siiriie gmieral principles hold that were enunciated in 
the previous theoretical treatment It will be shown that the rate of 
sapoiiiticatmii is directly pro(>ortional to the effective eoncentration of 
rtn‘ base employed, which also determines the time and temperature 
(omlitions to be observeil for completion of the hydrolysis 

Tlu' tecliiiK’Hl jiroeesses (oncerned may be treated m two sections 
(o) sa|iojii(ieafmii wifli the aid of alkaline earths, (b) sapoiiiheation 
with till' aid of caustic alkalis 

Saponification with lime and magnesia. The autoclave process. - 

Triglycerides may be sapomfii'd completely by .solutions of lime in 
open vat.s at (he lioilmg jioinl, provided an excess of lime be used 
The i|iiatiliry of alkaline I'urth rerjiiired amounts on the average to 
12-11 per cent by weight of the oil This method of sa[ninilieatioii 
was introduced into iiidiistry by de Milly m f'Vaiiee fave steam is 
used to heat u|) the material in lead-lined vats, and serves alsu to keep 
the mass in a state of agitation and of intimate mixture or emul'ilica- 
turn The caleimii soiip <if flie fattv acnl is formed m the proc<‘ss, tlic 
glyeeniie remaining in the ai|Ueoiis sobifioii DeioiiijMisifion of the 
soap IS elfeeted witli the aid of siilpltiuii' ai'id, the fatt\ acid forming 
a lloatiiig layer on the Iiipiid, the [irei ipilated siilpitafe separating to 
the bottom 

The lime em|iloved fiiiirlions as .i eaf.ilv.st. and it is not iieei'ssaiy 
to use suHicient for complete touversioii of the fattv acid to laliiiiiii 
salt Oil the other hand, if sinullei tpianlilu's of lime be ii.sed the 
loneentiafion of rulalvst, and therefore the eatalytie aifuitv, are 
(limmhlieil. so that otliei nieuins must be emphned to aceeler.vte the 
re actum Tins is done b\ I'arrviiig out tlie proi i',s,s m autoclaves under 
pressure In such case the temperature empbned eiiii be ioiisnlerably 
increased beyond the boiling j'oiiit of water w herein' the veloeifv of 
reaction is corrospoiidingly augmented Thus, vnth onl) i per cent of 
lime under a pressure of 12 almospheres, < orrespoiidiug with a tem¬ 
perature of a virtually cmiiplete hydrohsis mav lie elTeeled It 
will be obvious that, such a reduction m the i|uanlitv of lime employed 
IS of eonsiderahle advnnt.tge m the economy of sui|)liuri( acid rorpiired 
to derom|wse the calcium soap formed In actual practice it is 
customary to employ somewhat more lime than rlic above for the 
autoclave process, as the eni|)loyment of lugli temperatures eaiises 
discoloration of the fatty acids produced .Modern jiractice in the 
candle m(lu.strv calls for a working pre.ssure of 8 atmos[iiieres, with 
the addition of about .3 per eenf of lime The process of hydroIyvSis is 
praclieally complete in about eight tsi ten hours The reaction is rapid 
m the first two hours, as much as a 77 per cent conversion kiug 
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In the succending piTind l!i»* porrojitag*’ of liv<lroIvsis 
slowly iiKTca.'it'S to a itiaxinium of ahout jUT 0 (MiI at tlio iMid of tho 
tenth hour. F(>r sua)» inamifacture the Imirolvsis must he eonduct(“<l 
at still l()wer jtressures in onler to avoid discoloration A pressure of 
f) to G alniosjiheres is employed ami (he th'gn'e of livdrolvsis reaeljes 
ahout S(i jK'r cent. 

.Magnesia and zinc oxide hav(‘ also hcen employcil as catalytic 
accelerators. They have the ad\antag«* that ihev do not vield in- 
solidde sulphates on treatment of the fatty .soaj)s j)roduced in the 
lyvdrolytic process On the contrary, owing to their less basic char- 
act<'r. the rate of hY‘lrolysis is not so rapid and the percentage hydroly.sed 
not so considerahh*. Magnesia also shows a l«‘ndeiicv to prodin'e 
emulsions not readily discharged in the siihseipient treatment. Zinc 
oxid<‘ witli tlie addition of zinc dust has been us<mI together with lime 
in the ordinary :iutocla\<' pnxi'ss. The prodint. it ajipears, is le.s.s 
iliscoloured 

Saponifleatiou with caustic alkalis. It is i>b\ious that owing to 
their in.solubility and the eonseipiml high concentration <d catalytic 
agent thcndiv attained, h\«iroIvsis with cau.^tie alkalis should be rapid 
and complete, .Moreover, the temperature reijuin'd i,^ bv no means 
so coiisnlcrable as ih reipnred witli idk.dine earths llydritlvsis of fats 
with caustic alkalis is the niifici of llm soap-maker Sullicnmt of the 
hydrolvtie agiml is ustd to combine with all the fn-e fatty aci<! foriiusi 
to yn-Id the sodium or potassnim salts which lonslitiite the basic 
inatiTial <if the normal soaps of industiv AiMially an excess of the 
alkali Is always us'‘d to facilitate the !i\droI\(n process. There is no 
doubt, however, that the iiv<Ir(dvsis could be calalvlieallv effected In 
the presence of only .-mali aimniiil.s of sin li h\drolvtii- agents. .A 
readjustment of time and lenijaTalun* ctnidilioii.'' w<Hdd. Iniwever, l)e 
necessary. 

Two proci'sse.s of alkali s.i|ioni(iealion are empIoy»‘r] m the 
preparation of soap, dilferentiated by the temperature at wbicli the 
saponitication is eHee(r<l. 

In the cold proct-.ss. a.s the name implies. ii<] external beat i.s applied. 
In conserjiience a lt)ng j>crjod of saj»onificalion j.s necessary. The 
tnollen fat i.s chiirmal up with the reipn.site <juantity of alkali dissolved 
in watiT .sufficient in amount to gixi* to the soap the de.sired degree of 
hardness and .solubility. Reaetioii sets m and tlic ma.ss thiikens. 
Sufficient heat of reaction is given out to bring about further .saponifii-a- 
tion in the adjacent layers, w’ith increasing velocity owing to rise of 
temperature, the <iil assisting by preventing di,s,sipa(ion of lln* heal. 
This process continues tliroughout the ma.ss and is c(»mpl«‘te in twenty- 
four to thirty-si.x hours, when about 117 p<*r cent of the glyceride has 
been converted into glycerine and soap. After the initial optTation 
the conversion is eilocted in frames, and when aaponiJication is complete 
the mass is sufficiently solid that it may be cut into slabs. Obtaincfl 
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111 this iiiiuiiipr, tliii sorijis always contain a small cxccsa of free alkali, 
wliii li for many jmrjioscs is an unsuitable ingredient 

Noiitral soaps aro obtained by means of the hot process The 
livdiolvsis IS carried out in large soap kettles The oil is brought to 
liy means of steam, which condenses to water in the system Caustic 
soda IS then gradually added to the contents of the pan, and ebullition 
IS brought about by further introduction of live steam In this process, 
also, the veloi ity of saponification is accelerated by the heat of reaction 
The quantity of caustic alkali to be used is governed by the nature of 
the oil to be sajHinified, and, when addition is complete, the separation' 
of tlif soap from tlie glycerine liquors is assisted by salting out with 
(omtiion salt The subsequent operations in the liot process are con- 
eerncrl with the further refinement of tlic soap curd to ensure complete 
hydrolysis of tlie fats and a grading of the material obtained according 
to the soap value 


Euia'iiKK IIydrolytio Pk(ili:.sses 

The hydrolysis o! acyl derivatives. - tn addition to Ins studies on 
the hydrolysis of esters ui pri'seiice of acids, Ostwald * investigateil the 
iivdrolvsia of acetamide in order to determine the relative strengths of 
adds, arranging tlii‘se m a talile of decreasing activity fri>!n hydrochloiic 
tn aeelic ucid Since this early work the rcaetioii has frequently been' 
einjiloyed in the eiideavmir to obtuiii a clearer compreheiisioii of 
eaUlylic activity As was shown hy Cnnker and bowe,^ the reaction* 
IS rataly.sed liy both acKls and bases, the hydrolysis proceeding in, 
every ease invesiigated as in ester hyiirolysis, more rapidly with 
alkalis tluiii with acids under similar ev[>erimental condilions The 
rate of liydrolyHis was sliown to diminish in a homologous .series with 
increasing complexity of amide Alipliiitic amnles are more readily' 
hydroly.sed than aromalie aniules, and the inllneiice of substitution in 
the beiueiie ring is markcil ^ Tlii' reaction m both acid and alkuhne, 
solutions IS liimolenilar, iii accordance with the equations 

(«) R,(’0 NIIjhHjOfllX^K C00K + NH,X, 

(h) U 00 NJlyfH20fM()If = R (X)OMfNH^ OH 
Crocker and Lowe showed, however, that good reaction constants were 
obtained if, instead of the concentration of base and ueid, the ionic 
concoutrutions were substituted 

Acrco and Nirdliiigor^ drew the same conclusion, independently, ia’ 
a study of the hydrolysis of various concenf rat urns of aqueous acetaini46|, 
using different strength of hydrochlurie aeid, and suggested that 
was a conijdex cation. , *■ 

(OHj. CO. NHj, H), 

* .; ;»r TAew. l8!l3,aT. I ’ J Cktm.Sve. mi:. 91. 5«3. 

• hailbiirough. >M . 1894. M, 1030, 189!). 67. 587 , 1607, 71. 229 
‘ Aim. Vktm. J , 1907, 38, 489 
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which underwent hydrolysis. The ammoniunj chloride formed was 
shown to have a marked accelerating action on the hydrolysis. Added 
neutral salts acted similarly, the phenomenon being subsequently 
associated with the view that both ions and undi.ssociatcd molecules 
' mav possess catalytic activity.^ 

The hydrolysis of amides of dibasic acids was investigated by 
von I’eskow and Meyer,^ and showed marki'd jioints of divergence 
from the results of Meyer with esters of dibasic aehls. The values of 
the reaction constant obtained showed an initial steady decrease with 
progress of hydrolysis, and only after some, time yielded sfA-aily valuc.s. 
The abnormality is associated with the relativi* values of tho vidoclth's 
of hydrolysis of the two amide groupings. The re.searelH-s on di))asic 
esters showed that an ap|Mirent unimoh'cular reaction constant was 
explainable on the assumption that the reaelion coii.stant.s of hydro¬ 
lysis of the two grouping.s wore in the ratio 2: I (see p. hb). It was 
shown that with the amides in acid hydrolysis i.s sinaller than 
whereas with alkalis is the snialh'r. This was assumeil to ho 
connected with a repulsion between the m'gatively charged acid 
amide radical (NHj . 00 . K . CO. O') and the negatively charged OH' 
‘grouping, wheri'a.s in the acid reaction an attnu'tion to the hydrogen 
poll Would ensue. 

L The hydrolysis of imido esters.Important conchi.sion.s with 
frofereijee to the catalytic action of a(“ids in a variety <»f hy<lrolytic 
proees.s<*8 have bomi obtained by Stieglitz and his co-workers^ in 
investigations of the. ri'activity of imido esters with w'ater and ammonia. 
An imido (‘ster such as methyl imido benzoate is slowly ileeonijiosi'd 
by water, one of the decomposiiioiw re.sulting then-from being the 
formation of ammonia and metliyl ester: 

CVfsCfNHlOCHj + H 2 O = Nil, I- 0^U,VX)^VAl,. 

The adilition of an acid, for example hydrochloric acid, ennrmoiisly 
acoelerate.8 the change. It was shown that the acceleration was due 
to the fact that the reacting component in this decomposition is tin; 
positive ion of the ester, as expressed in the eijuation 

(\K ^{: NHj' )OCIl3 + H 2 O -(yifiOfUlIa f NH^' . 
Acceleration by neutral salts, entirely analogous to the. “ salt effect ” 
k the catalysis of esters by acids,* was found also in the.sn reactions. 
This salt effect allowed for, the reaction could be exjjrcsscd by an 
equation of the form 
dx 

■^lon ^ f^pos eat. Ion X [Oil ^ 0 ()h]- 

Applied to the saponification of ordinary e^ers, the main difference 
faulting is tliat for such exceedingly weak l)asej< as e.flter8 the 

} Aanc, Amer. C'A«m. J., 1012. 48, .152 teg. * ZfilMh. ph'j/nknl ('hfm., 1013, 82, 129. 

• For saromariw of tbu work, •«! J. Amr. Chm. 8oe., 19H), 32, 221 ; 101.1, 38,1774. 
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coiiH'iitriitioii Ilf till! ]''i‘^itivi‘ i'8tcT lun is [iractif(illy pniportioiial to 
tin (iiiuriitratioim Ilf I'stir mill hydrogcii mii [Hi'si'ut hI aiu’moini'iit, 
so tlmt till' aliovi' o(jUfttioii Ik'uiiiii’S 

dt^ ^ ^ ^ ^ ^'onl- 


will! Ii is in !i}iri‘('mi‘nt willi I'omniOTi cxjurii'iiop 

Stinsilnx propoiniils tlif qucHtiim as (u iliv tin* rcai'tinn with tli'* 
ion filioiilil lie I'rioniitfiisly fnstiT ttimi tlic mitirflv analo^'oiis |iossilil(“ 
HI tioii ul wliter on tlii‘ iioii-ioiiiM'il free ester Tl-.e two HMi lions may 
lie (‘\|)res3e<l, m uereeiiieiit willi e\|)erinH‘iital results, m .v series of 
stajies for tlie 1 wo eases 


Mi' 

C.Hs C' i-H' lOir 

'•cell, 


Nil,' 

0 H 
(Mil, 


,Nil 


''cell, 


/NIL 

v(;i],,c-o 11 

ceil, 


,0 

vt’„li,Cc('H,i Ml,*, 


0 

->(’,11 r NH, 

cell, 


Stieelll/ loiielniles tliat tlie iieeelerulino or cataKtie elfeet of the arid 
IS iiiiist iiitimateU assoei.iteil with the Iraiisfortn.itmn of the [lositive 
imi <if a weaker liase into tliat of a sfronyei hnse For, .is emph.isiseil 
liv Stieeht/, wliereiis tin' mililo I'sters are rapldh h\(lroK>eil 1)\ water 
III the preseiue of aiul, this is not the ease lor the dosc-h relativl 
1 oiiipoiinils the urea ester salts, whieli stnietiinilh eoiisulered, 
slioiihl read witli water, hut are quite sfahle in aeu! solution Tlio 
triinsforniutioii. 


NUd NH, 

NIL (V' t IIOH-NILC'^-CH ->NIL tH.Nf OOClL. 

Nieil, 'Niell, 

only takes pliiee (n a Very slielit extent at It'D' (' and, at ordinary 
temperatures, where miido eater aiilta are eoinpleteL livdiolvsed m one 
to leu hours, the urea esler salts have nut been observed to deeoinpose 
at all III this ease we have the iiotalile faet that such a traiisfonnation 
would involve the ehange of a salt of a stronger baM' into that of a 
much weaker one an ammonium salt and this does not take place 
f4tieglit/ tested this view with the beu/anl urea esler.s, which form much 
weaker bases than ammonia They ought to be hvdrolyaed m acid 
solution, according to this view, as smoothly as imido esters Tins is 
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actually the cuso; urethanes and aninuminni salts readily result 
according to tlie (spiation 
NHo' 

(V,H5C0.NII.C( ■ +HOIi i (VI^('t)XH(’Oj('H3. 

■'(X’H, 

' It is a|>parent that tins transformarnin of the nm of a weaker base into 
that of a stronger is no doiil>t the result of the decrease ni free energy 
involve<l ID the union of the acid with the stronger base. 

The several factors of mterest obtained by Stiegiilz and his co- 
workers in these studies of hvdrolvsis of iniido esters received beautiful 
continuation by his further studies of the interaction of amtnoma and 
iniido esters whereby amnlines result : 

NH., NIL’ 

v,\\,v' Ot'H, )NH, ' iCILOll, 

Nils 

The action is accelerated bv aenls arul bv addition of salts just as in 
the hvdrolvsis. and it was sliowii that again it was the jxisitive ester 
ion wliicli uiidcrwcni change Wheri'as. however, urea esters would 
not react with water in aejd solution because tlie salt of a strong<T 
b.ise would theri’bv be converted to that of a weal.-r. tins is not true 
when aiiiinoiiia is the reactant Hi'aetion of urea esl<‘rs with ammonia 
produces guanidnii's, winch are stronger bases than the urea esters 
themselves Th<‘ guanidines, therefore, aeeordiiig to llieory. are pro- 
dinxMl iea<lily from urea esters and ammonia, in [ire.seiK’c ol acids, the 
positne ester ion again being the rapnllv reacting constituent 

The kinelie studies of the iiileraetion of mittlo esier.s ainl ammonia 
were not nieonsiMtenl with the fissiimption lliut reaction occurred 
bctw’eeii the ester and ammonium ion rather than belweim the ester 
ion and ammonia. The answer to the fpii-rv as to wlneh meeliaiiism is 
corre<'t is su|t|ilied bv preparative orgaine eliemistry in place of 
ammoina. primary and seeondarv amines may be (‘injilnved Punier 
found, however, tliat tertiary amines do not form atnidiiies with imhio 
e.sfers • Were the reaction between the amine ion NIIK,' and the 
estvr. this .should be (piile possible. The alternative would not be 
po.ssible, as the following eipiation. showing the meehainsiii assumed by 
Stieglitz. niakc.s ipiite evident . 

/XH,- ^XII;,' 

i\\l ,. ('< H fCIIjOH. 

\)0H3 \oVH, NH 

The applicability of Stieglirz'a conclu.sion that the action.s acceler¬ 
ated 1)y acids arc changes from a weaker base to a strongijr may now 
be considered in reference to the reversible pnx'css of castor hydrolysis 
t»n(l csteritication in prc-sence of acids. According to the Stieghtz 

* Imidoirllur, pp. 80 (IlHll}. 
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principle, in the hydrolysis the salt of the weaker ester oxonium bast 
forms the salt fion) of the stronger alcohol oxoriiuin base In the 
esterification the salt of the weaket organic acid oxoniiim base'forms 
the salt of the stronger eater oxonium base, This latter conduaion is 
not that reached by Goldschmidt, who concluded that the reaction 
was between the oxonium ion of the alcohol and the organic acid 
Lotli alternatives give the same kinetic expression It is the work of 
Sticghtz on unido esters which gives the preference to !iis point of view. 

Similarly m the production of oximes from liydroxylamiiic and 
ketonoH, iti the jtrcsenco of acids, Acree^ concluded originally that the 
reaction was probably between a cation of hydroxylumine and the 
ketone Later, he pointed out that his data would agree equally well 
with the assumption that the hydroxylamine reacts with the oxonium 
1011 of the acetone ^ This latter is'in agreement with Stioglitz’s pnn- 
ci|>le, the I'hangc being from the exceedingly weak oxonium base of 
the ketone into the ion of the much stronger base, the oxime 

Tbe hydrolysis of ethers and acetals. -Keasonnig from tin- well- 
known deliydralion of alcohols in the presence (>1 sulpliurie aerd to 
yield ethers, one would antiei|]atc the reverse [irodiiction of alcohols 
by hydrolysis of ethers in presence of acids This actually occurs, aa 
was shown by ICrlcimK'yer^ and Lichen^ Pease and Yung^ liavo 
recently estubluHlied tlie reversibility of the process, for ethyl alcohol 
and ilii'tliyl ether, using both sulphuric acid and aluimn.i as catalysts, 
witli the former at l.'Mf and with the latter at 275’ The values of the 
('(liiilihnum eonstants are 8-Q and O-tiO respectively Kroiti such 
eijuilibrnnii ineasurenients they have accordingly dcdiiceil the free 
energy data for the re.action and for the formanon of eth(‘r V)i[K)iir 
Acetals are mixed ethers derived from alcohols and the unstable 
glycols of which aldehydes and ketones art' Uie anhydrides They are 
hydrolvsed by dilute aciils Their reactivity m tlie presence of surh 
acid solutions lias rocentl) been studied by Skrabal and his eo-workers * 
and compared with that of diethyl ether Thus, with unit conceiitra-' 
turn of acid catalyst and with tlie minute as the unit of time tbe 
following data were obtained, m these kinetic studies, for the uni-' 
molecular constant' 


Thetliyl ether . 0 OOtXKWfi 

Kthyl aeetal of 



acetaldehyde 

30 


MuthjI noetAl of 

Kthyl ether of 



formaldehyde 0 000705 

orthoformic acid 

•’3(KK) 


Kthyl acetal of 

Ethyl ketal of 



forinaldohyilo 0 00408 

acetone 

75000 


Cane sugar . . 0 01 

Ethyl ether of 



orlhoiicelic acid 

mm 


‘ Amtr CArm J . 1907,38,308 
^ Ztiltch f Chm*t, 1868, 4 , 343. 

• Arntr Chm J, 1998, 39. 3o.’ 

* Annaltn, 1873, 165 . I3U 



* J gmtr Sot., 1924, 44, 2397 

' Kkrnbal uid Ringrr, MornHiJt , 1921, 48, 9, Skrabul and Scliidrcr, ZtUttk. 

Ckom., 1921,99,290. Okrabol and Airoldi, itoMlMA.. 1924.48.13; i^knUaland UalUkibnn^ 
JtfonoKA, 1924, 48, 19 



;v tll the hydrolysis of the ethyl ether of urt-ho-aoetic acitl it was shown 
^ that the reaction takes place in two staftea: 

(a) Wl 3 C(OCjH 5 )j+fl 3 l).~.CH,,CO(KVl 5 eit' 11 . 011 , 

(/-) C'HjCOOOjHj + HjO-CllaCtiOll + tyi.oll, 

In alkaline solution (o) i.s slow'. iiKle])en(leut of the hydroxyl ion 
coneentration, and therefore a water hydrolysis The nractum (h) is 

■ relatively fast in such solutions. In acid media (o) i.s fast and (fc), 
relatively, is alow. It was shown that in a |irirnnrv and .secondary 
pho.sphato buffer solution the constants for («) and [h) were respectively 
k,,-t)*052 and kf, ~ 1*34 x 10 ®. lhe.se n'sults lead to an e.vpression for 
the total effect of the form 

■where. 5-7,X It)-* and k. -I' 0 xl 0 «. It is evident, therefore, that 

the hydrolysis of .such hodie.s can ordy hi' aceomphshed very slowly in 
water or alkaline solutions, but, on the eojitrary, are readily hydrolysed 
by aeid,s. In this respect the acetals are readily distinyui.shed from 

■ ordinary esters. 

Skrabal, I’faff, and .\iroldi have also shown reeentlv ■ that keto 
carbonic esters are much more rapidly hydroly.sed in aikahne media 
than in acid media, thus ( 11111101111111 ; to the iiornml ester type. Thus 
the followinc 'Inta were obtained in acid and alkaline .sohitniiiK : 

‘lel'l. '.ilUhni- 

(’H/'Ot'otiiMi^ . . o-iKisit; l-I 10 ' 

(:H,C(),rH,('H.C(i(K',H,. . iMxii.iii 77 

It will be noted that the positional inlluetiee of the keto proiip is very 
marked on the relative rates in tho two media. 

Hydrolysis ol halogenated organic acids. A well-invesiixated 
meehaiiisra of hydrolytic acceleration is to he found in a study of the 
hydrolysi.s ol halogen acetic acids and their sodinm salts. The hyilro- 
lysis of chloroacotic acid by hot water |iroceeds (jnantitatn elv, according 
to' the e((uation 

CHjCl. COOH + HjO^-CHi. Oil. ('0011 1 H('|. 

and the reaction is unimoleciilar,^ even with wide variation of the 
initial acid concentration.'’ The reaction is not greatly affected by 
hydrogen chloride, formed or added, or by the addition ol neutral salts 
such a.s sodium chloride in normal solution. 

Tho hydrolysis of neutral sodium chloroaectate in dilute solution 
was shown by Sontcr to be unimolecular with slight deviations in 
normal solutions. The rate ol reaction is diminished by certain neutral 

‘ Hoiuith., im, 45. 111. 

* Schn'ftbt van *t Huff, Stvdmn tur 6h<‘iniichen Dynamtk. 

SenUtr. J. Chm. 8oc.. mi. 9i. 461. 
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CB 


salts In pn'Si'iic^ of uikali, tlie reaction is bimolecukr in liiliife 
solution, and miiy be fonmilatod by tin' c(tiiiitn)i! 

COOKa i-Nadlk-OH CJI, COONa i Had 
Tills real lion, however, is acoelerateil by the iidditioii of neutral salts, 
ft) marked eontrast to the indtienee of such salts on the alkalino 
hydrolysis of esters The aCfoni]ianv'nit talile sliows the etleit of a 
seni's of nentriil salts on the veloeitv of tiie h\drol\''»' jiroeessos 
omirritaf (o) in a solution of A’/f((-soditnn liromoaeetate and A'/'IO- 
sodnim hydroxide, (/<) in a solution of A'/fti-etlivl acetate and A'/fd- 
sodium hydroxide ' 


\/l Si. 


iloiiii miralc 
(lilmalt 
slll|itinle 
tel roi \,ililrie 
li('IUi‘Uesill|lholl.ite 
iii'ii/eate 
loim.iti 
a<( lute 
tailiiili 


ImreiM- iiineiil 
of \<l<lll 1 V 1 IH'IIUUIlt 
III Kou Oi'ii (<i) 


! I'l 

■|| , !-• 

I V? ■ 0 

! 

. -.1 ion 

I inn ' { 

lO'J ; n 


IiirreiHi ur Ifori'w 
oi Xdiiiih coi iiniitil 

|Hf "'III III (/)) 


A caiefiil M'iie> of inxrslieatioiis of tin' envil nilixity of neiitial 
salts Ilf ore.inii ands in the former leaeliun as eom)i,ired with that in 
aikidnn' esi.ei ii\drolysls sJiowe<l that the aetl\ll\ wa-. < loseK a-iso- 
dated with tin- medullilsiii of llie leaelion The elfeit was Iraeeid 
to Ihe inleimediati' formation ol sodnirn aev i oxvai ('tale's, as exenijiiilied 
in tlie eijiiation 

CllAtr (’OONa f(Tl., t'OOHa-('11, (‘0 ('IL ('(K)Na i Nallr, 

which lompoimds are hvdrnivsed hv alkali as [,ist U'^ iorined In 
ueiltral solution the i ompoiinds are hvdriilv.sed slowlv set the leiiijnj 
of the leadum, and delormnie the inlhn'iiee of in ntral salts in sucli 
solutions 

Seiiter and Ward, in eonneetion with this work, also iineslioated 
the hydrolysis of acetowacetie aent ainl ils salts in neutral, acid, and 
alkaline solutions It was shown that the liydrolxsis of the and was 
cftlalysod hv hydroj^en ions either aiitocutalyticallv witli ions from the 
and itself or from added aeids The hvdroK'sis of the and is ten times 
as rajuil as that of the sodium sail under siniilar conditions, doubtless 
due to the absence of the accelerating liydrogen loiii In alkuime 
solution tlie acceleration was enormous, the elTect of H;lb-sodium 

' Scnlrr unit Halle. / deni .s’<«- t‘l|> lOl, 

* Loc cif, and Sillier and Itiinl. J < ■‘•’k . ItllilOl.iW 
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hydroxide being to speed «p the reaction to 100,000 times its velocity 
in a(}ueous solution. 

The liydrolytic <loconiposition of t)ic l»rojno-sul)stituled organic 
acids exhibits an interesting case of inliibition, the hydrobroniic acid 
formed in tlie reaction retarding the velocity of reaction, s*) that the 
ctmstants ealculat 0 (l for a uninioleeular reaction show a eontimious 
decrease. Miiller * formulated this ininl)itory effect of hydrobromie 
acid in tin* hytlrolysis of bromosuccinii' acid, assuming tin* r*‘action 
velocity to be proportional to the unchanged Imunnsnccinic acid and 
iuv.Tsely to that of the hydrobromie acid formed, thus obtaining an 
' cfjuation of the form 

<ix All j) 
lit U) ’ 

which gave satisfactory agri'cmcnl with experimental results. 

Seiiter" showe<l tiiat in llie }iydr<*ivlic (le(om|iosilion of hromo- 
propionic acid tin* reaction mecliaiiism was not so simple as tliat 
assumed in the case td brornosuccinie a<‘id With tin* assumption tiiat 
b(»tii the non-nuiisrd a<id lunl the (’!l((H.,)Br('00’ ions undergo 
liiang''. each at tlicir (»wm drtimtr reaction volocitirs, Sciiter and 
Porter^ successfully mt«‘rprctcd lln* exptrimonta) results The in- 
Inlutorv intiiience of the hydrohromic aeid wouhl, on this view, be duo 
to the suppressmn of th«‘ ionisation of the hromopropioiiii^ acul, 
uih-ulatnm .slmwing that m tins particular case tin* velocity conslauts 
of hvdrolytii‘ decomposition of nm and mnlissociat«al acid were k (H)liO 
ainl k., U'tHHir):) re.spectivelv. 

Neutral salt action in the hydrolysis ot balogenated compounds: 
cation catalysis, f’onsideralion may no\^ he given to the mve.stigationa 
of liolmherg on tlie hvdrolv.sis <i( lialogenated organic compounds in 
alkaline solutions m j»reRenee and ahsence of neutral .salts. These 
re.scarchea an* cd importance in tlie general pr*d)len! <d .salt catalysis, 
since marked varialion.s in catalytic he)ia\iour <d the salts am ,sh(>wn 
in llie different examples. KiirfIn-rmore. a.s lironsted ’ has recently 
shown, these variations are in accord with the ideas devehiped hy him 
toward.s a general activity theory of neutral salt actum 

Ilolnihcrg first studied*'* the reaMum Imtween alkalis and dibroin- 
succinic acid, a reaction which, stoichiometncaily and kinetically, 
proceeds according to the scheme 

f'HBrCOO- +011- ->(’11.COO - 

I j| t Ilf - t 11^0. 

OHBrCOO CBrCOO 

The velocity constants of the process, at varying concentrations of tho 

* Lut. ciC, and Seiil' r and VVarit. J. Hoc , 1WI2. 41, -IM.'!. 

* < ViH .W., 11K«». 95. isati. * fhvi, l»l 1. 99. 1049. 

* ZcUicA. phynkal. t'htm . 1922, lOi. 189. * Zttitch. ithynkal. Chm.. 1912, 79. U7. 
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ififtctants and also in presence of salts, show a marked dependence or 
the total ionic concentration, as is evident from the subjoined table foi 
sodiiitii us (atioii 


'"sN-ij 

1 

"'NiiOll 

'".VaCI 

'"Nii.Nd, 

1 

1 

"SuSfl. 

i 

1 

4 

0 01222 

0 01222 



1 

1 i 

, 0 03(1 

151 

OU1727 

001727 




0(151 ! 

104 

0 02473 

0 02473 




0 074 

1 35’ 

003100 

IM)3lO<l , 




0 093 • 

1 S5 

0 021,14 

002154 


00,113 


o(m 

2 OH 

0021,14 

0 02154 


0 0104 ! 

0 097 

2 13 

0 02473 

002473 

0113.11 j 


olio 

211 

0 03753 

0 03753 



0113 

2 07 

0 04:101 

0 02252 

1 


0113 

1 2 19 

0O2H1.1 

0 0:1(1,10 



i 0113 ^ 
1 

! 2 19 

1 


The first uiid secoiel I'oluiiiiis record tlie coiKcntr.itKins of sodnim 
diliroinsiii'i’inate and Hodiiirn hydroxide iis<‘d, the third, fourth, and 
fifth those of ,so(hiiin eiilonde, nitrate, and sul(tliate In the sixth 
lolniim is the total cation roncentration, and, iti the seventh, tlie 
eorres|ion(liiii,; velocity constant 

llolinhiT^ railed tins plienoineiioii cation catalysis, since the velocity, 
with iiiirdianf'cil catido. uppeurs to depend wlioliy on the total ion 
coneeaitration. not upon tin' initiire of the anions jiroseiit ilfilniher}; 
showed, in accord with tins, tliat variation of tin* cation. cs[ie('i.illy a 
('liaiijie (ci ealcuiiti and hariiim suli.s, jiriHlueed a profound elianfie in 
Velocity, an exiraordmary iineleration witli the divalent cations 

Ikonslcd shows that these results are <(iiite in agreement «itli his 
activity tlieiiiy of salts, applied to reaction velocity lie forninlaTes 
the reaction ineasnreil hy means of the. ecimUinii 

S - tf)H' —>(S OH)”-. 

where S refers to tin- dibromsuccinic, OH" to the lijdroxvl ion, and 
{S Oil)' t(' a trivah'tit complex formed by the association of the 
two anions A|iplying Hronsted's activity theory of reaction vtdoeity, 
till! velocity should therefore be 



whore/i./j, aiid/^ refer to the activity coeificients of the several ions, 
Bubsenpts indicating valencies of the ions From Rronsted's sohi- 
liiity studies, he concludes tliat the activity factor varies in the ratio 
1:1'ft for a change from 0-()2 normal to OHO normal solutions The 
velocity data (or scvdium salts m this range yield a value of 1'6 The 
indopcndciice of anion shown by the velocity measurements is also m 
agroement with Bronsted's theory, since the activity factor is deter- 




mined in dilute solution largely by the valence and not by the ndtuir#' 
of the ion. Furthermore, Bronsteds solubility studies have shown, 
that as regards the activity coefficient, at tlie same cxpiivalent con¬ 
centration, a divalent cation will intliK'nce a divalcmt anion more 
pronouncedly than will a univalent ion, and that this holds true li> an 
even greater degree for a trivalent ion. Hence the enhanced elTect of 
barium and calcium ions in Holmberg's meiisnrements. which 4‘lTcct. 
however, is more pronounced than Bronsted would anticipate from 
solubility data. 

The success of the Bromtteil theory when applietl l«» neutral salt 
catalysis is apparent when the second res«‘areh of this sefie^ hy llolm- 
berg^ lA considered. In thi.s case the alkali dceompositioii of a-jS 
dihromprojuoiiic acid and a-^ dihromhutyric aei^l was mea.sun'd. In 

this case it was found that the ratio , the ratio ot the velocity 

Ml Ui 

constants in tM and (Ht2 normal .solution.s, had a value of 1-21 as 
compared with a value of 1'8 in the previous example. 'I’he similarity 
of tiic two sets of reactions wmihl lead oin' to expect, a similar salt 
effect. Brdnstcil indicates tin* dilTenmce helwetm the two examples 
by pointing out that whereas the case already eonsulered involves a 
divalent Imlogenated anion, this se<oml re.search involves a univalent 
anion, whence the reaction measured iieconu's 

A tOlI--(\.OU)- . 

and, as a consequence, the reaction velorily ex|>rcs.sion hcconies 
(’\ X t'oi!' . 

I^'or such a system, from activity theory, a value for - 1-22 is 

theoretically ealculahlo, in agnuunent with the ohservaiioiis recorded. 

Similarly, for a later re.search of lIolmhiTg," the hydrolysis of 
acetyl glycollic acid: 

ClIjOAc Cll/lM 

I 4. OH -! fAcO . 

(’ 00 ' (' 00 - 

the reaction type is exactly analogous to the jin^ccding case, and so 
the same salt effect, ,~ = 1*22, should he, and is. found. The alkali 

*0 0*i 

hydrolysis of iodo-acetic acid also sliowed^ a positive salt action, a^. 
would he expected from the equation 

CHJCOO • + OH - - (HLOHCOO - +1 . 


' ZtiUiek. phtfuhd. Ctum., 1912, 80. S73. * Xnt«k. Chfm, 1913.84. 4Al.^ 

* Medd. K. VtU-Mlcaptrikad. SM-Ind., 1919, 6, Nf. 11. ^ 
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CH. ■ 


The conversion o{ lodn-acctic acid into sulpho-cyan-acctic acid • showed 
intcrcHtiii}' results In neutral solution the reactxm showed the normiil 
suit elleet which would be cx[iected from the (‘(juatioii 
CHjlCOO- + ONS - =CH,((’NS)(:00- f I" 

The ratio was, in the mean, Further, the ratio ' 

a|)[)roximately 1-2 The ri'actioii conforms to a velocity eijiiatiun of 
the form 


■ll--/uX(V|| 




]n stroiiff acid solution, on the contrary, where the dissociation of the 
lodo-acetioacid is |iracti(;iilly siiji[ire,she,d, tlieieaetum must be, primarily, 


UH,l(’0(>H +(:NS' -CILfCNSjCOOlI-r I 


On iJronstf'd’s activity theory this would eive a ve.loeify equation of the 
form 

1 ) = ^ xCcii.nooiixO( v,s x/q, 


m other worils, the normal reaction process, Ihimsir'il’s 'rvjie (i 
Actually, and in complete afrreement with tins view, Hulmhere |(iiiiid a 
veloi'ity constant [iraetieally ludejiendent of aeid .ind total loii roiicen- 
tratioii, alUioiij'h this latter was vaneil sixfnl<l and tic formei fourfold 
Hydrolysis ol lactones. —Henry.- and lul<r llolmbered showed tliat 
the hydrolysis of ydaclones by alkalis oeeiirs accurdiiie to Hie leaclion 
ci|iiation 

tdl, (Tl CKX’IU'O 

, ■ j -iOll --('11, (iiOl! ('ll; CIUHMI 

' -0 


It slioukl, therefore, on Hroiisied’s theory, show no iieutial ai lum, and 
this was found by botli (he aulhoi.s eoneerned 

The fidelity with wliieli (lie Ifronsted llieory, as here iiidn.ited, 
interprets the variei! mamfesialions of neutral salt etlnt m iliese 
aeveral reactions, as toiiLrasted with the eeiuplete inability of other 
theories to interpret so varied a behavioiir meni,', for (he tlieory, the 
rdosest aUeiitnm ami consideration of the student of homogeneous 
catalytic action 

The diazo-ester reaction.--U was showm by Curtius'* m 1883 
that the diazo esters interacted with water with evolution of nitrof;en 
- and formation of hydro.xy-derivalu'cs of the e.ster residue as exemplified 
by the equation 

II VtI . coo CjIIj + fljO OH. CH,. COO. CjHj + N; 

‘ ZtiUcS jiAy-i-hi/ Vhem . ID'l, 97, 131 
• Ihd. 1912. 80. .MV 


* Ibid. IS*).’. «0, yii 

* J pr Vhem (II). IbS.t, 38, 401 
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The rt'action is therofore a liydration pron'ss acoonipaniiid by 
(loconijjosition of the molecute. As wcmlcl be aiitK-ipated from the 
j)revious examples of hydration processes, i^redi^ and Kraonkel ^ 
showed tliat the reaction was catalytieally accelerated by the ]>res(mce 
of acids. By a study of the reaction velocity in tin* presence of a widely 
vari(‘d series of acids as well as with inixturt's of a(‘etic acid and soilium 
ac<*tate, they demonstrated a close proportionality between hydrogen-ion 
coiKentration and the rate (»f evolution of nitrogen. The extreme 
sensitivity (»f the reaction to hydrogen ions was made use of in a succeed¬ 
ing investigation of 8jiitalsky.‘ who determined with its aid the degree 
of hydrolysis of potassium (lichromate. With this method it ctniM be 
slmwn that in a dilute solution containing ()-01b!t mol. of the dichromate 
pel litre, tlie hy<lrogen-ion concentration of the chromic acid |»rodiieed 
by hydrolysis was ()-iH)()()98 mol. per litre. An even more .striking 
ajipheation of the sensitivity of the reaction was made l)y Walker and 
Cumming,'^ w’ho applied the diazo nu'thod to the determination of the, 
liydrion concentrations of amphotiTie electr(»ly1es. excdlent exjien- 
mental agn-ement being obtained between the values ohtained and those 
calculated hy Walker, Tims, for a A'/.T2 aiilliraniltc acid solution, the 
found and calculated values were rcspcetivclyt'ii andtt'lKH)27. 

If till' diazo-ester decomposition occurs in ahadioln' solutuin, the 
( "ter sjilits ol! nitrogen and aiids on a molecule of alcolnd, which change 
ma\ be rejirescnted by the cipialion 

\ 

|j (’I! .(■()t).(4!!5 + (UL..OH -('.,11,0.('ll, rO().(',.Il;,( N,. 

X 

This reaction is also markedly sensitive to the ]ire,senee of hydrogen 
ions, and can be u.sed, likewise, for tin* iletermination of liydnon 
concentration m alcoholic solutions In working out the process, 
Bredig and KracnkeH noted tlie retarding inllueiiee of small ipiantities 
of water on the reaction vidocity. in many aspects similar to that 
observalilc in csterilication procc.sses m ahsdiobe solution, cxtcndcsl 
treatment of which is given in the .siici ccding chapter (p. .‘h>7) The 
researches of Bredig, Millar, and llranne '' demonstrated the analogy 
between the results in the two reactions, even to numi’.rii'al agreement 
in the calculations of the hydrolytic constant of tlie Itvdrogen-ion 
alcoholate assumed by (tohlsclimidl to be the active catalytic agent 
(c/c/c p. 369). Millar was able to show' not only that a<ldition c>f water 
decreased the velocity of dccompo.sitioii in alcoholic solulion, Imt also 
that alcohol deoroase<l the velocity of dccompovSition m acpieous solution. 
The appended table illustrates this fact with a picric-acid concentration 
of 0*(HXttt()9 mol. per litre as catalyst in each solvent medium. 


* Zfifjirh pitytikal <'hon , 1907, 60, 202. 

* ZfU*ch. phij^thtl. ('hem . 1007, 67, 678. 

» Ze^tuch. phytiM. ( ken,., 1913, 85. 129. 170 


* ZetUfh iiniirg ('hfm . llKl7, 54, 'ifM. 

* /yx*. etf. 
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Utiii' Akiihol 
liif IWiimis of 
lieiii Hmi Misliifi’ 

1,, 

Moh ot Wiit^c 
per litre 

-(.i 

0 

0 (I35(> 

0 

0 0;)7 

:j;»] 

01)320 

Oil) 

0 033 

II i;<i 

II (1280 

0 04 

OOlH 

112 

0 0204 

21)1) 

011004 

21 !) 

<1 Ol.t'{ 

012 

0 0041 



10 24 
\r, 30 

ooom 

0 ISITII 


Tlif inintituim value! for k occur'e at u coiiciuitration of (i uiols of 
water [iiT hire, or at a water coiueritration ol II per cent Tins 
iiiliil)itory itilliienco of eaoli on the other ih extremely intereftm}! ami 
important in respect of the theoretical interpretation (lohUchninit's 
estcritication hypothesis seems scarcely afiplicahle, without inodilication, 
(o the present ease, since it assumes iinu-a(!tivity of the free ion ami 
lon-livdrate, an assimijitioii scarcely consonant with the marked 
catalytK! m Lnity displayed by aeni cataljsfs m dirom[)osiiioii rif diazo 
esters III a<nieous solntnm The mthienee uf neutral salts with a common 
iniioii on the catalvtK activity of the acids was studied by Snethlaei!/ 
who showed that the ex|)erimental results olitained were in liaiinonv 
with the theory that tlie iimlissoeiateil molecule of the catalvsiiif' acid 
possessed catalytic activity The roiilts, however, may also be ascnbi'd 
to the var)m}i I'litalytic activity of free and hydrated hv'ilri'f.'eii ions 
liroiisted and Teeter* liavi' reeenllv imtiuterl studies oi llie salt 
elfect in din/.o-ester dcconipusition They point mil. tliiit the rcMelion 
may ho looked upon as a lumoieeiilar reucfiou involving the ester 
molecule ami tlie hvilroeeii ion As the lirst of these is neutral, no salt 
elfeel IS to be expcited when the hydrogen miis come from a stroiij; 
add If. on the other haml. the hydrogen ion comes fiom a weak 
electrolyte, a swoiidary salt ctfcct may be expected 

The process of electrolytic diasocialnm may oive rise to the formatlou 
of ions of op[)osile sij'ii, as m the fotlowiii" mstuiices 

(dtjCOOII -~>ir iCTIaCOO' 
and 


where the. latter ei|natioii represents the second ilissoeiation of tartaric 
scid In such cases udilitiou of suits, in dilute sohiliou, always increases 
the diBsociation, since in the eipulibrmm equations 


C't - - X C|[ I . 

C’mi- 

vhere /ui, the thermodynamic mass action constant, is a true constant 
* ZoiiirA 11)13, S6, 238 * J I’hysKai i'htm, 19.’4, 28. 5Tli. 






at constant temperature, and/, and/j. the. activities inviilve<l, are both 
decreasing with increasing ion concentration. 

On the other hand, electrolytic dissociation may take place with no 
change in the total number ot electric charges, as exemplilied in the . 
dissociation of the ammonium ion : 

Nir,‘ --o-hilljfH', 


or the hexa-aquo chromic ion: 

(MHzOlj- ' ' --H . 

Tlic thermodynamic mass action law gives here 


'■NH.' S /s 


whore and indicate tlio respoctivo di- and trivalont ions, /,, 
and /a the several activity coeilieiinits of tlio ions. The dissociation 
of ammonium ion is, hence, little iilToclod by addition of neutral salts. 
In the case of the chromic um equilibrium, the salt addition must 


cause adccrcase in the dissocial ion, Ix-caust 


,44 

I, 


iiicreasc.s with increasing 


concentration. 

These conclusions from the activity theory have been verifiefl by 
Brunsted and Teeter by studying salt elfcet in the <lecum]K*sition (d 
diazo-acetic ester in acetic-acid solutions and in solutions containing 
the liexa-aquo chromic ion. In each case potassium nitrate, was the 
added salt. In agreement with the jireiniscs, a jiositive salt elTect was 
obtained with acetic acid and a negative efTeet with tlie hexa-a<juo 
chromic nitrate. 


Alcuhoi.vsih 

The hydrolytic process may he generalised for all compounds 
^containing the hydroxyl grou]» by means of tli<‘ ffpiation 

KCOOR' + U"OH H’OII l IM'OOK". 

When R'OH and R''OH arc two alcohols the process may be termed 
alcoholysis, a designation dne to Haller. The jirocess is also s)joken of ’ 
as ester exchange. * ’ 

As with normal liydrolytic processes, strong mineral acicls are active 
caUlytic agents. In agreement with the highc^r (ifliciency of alkalis ot ^ 
hydroxyl ions a.s catalysts, it was found by Heid * that sodium ethylate j 
was an even more efficient catalyst than liydrochloric acid. Tht ^ 
reaction is reversible and equilibrium is eslabli.shed dependent on ihej 
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coiicoiitmtidiis of tlio two ftlcolKik and tlu-ir rcspi'ctivc aftinitu's for 
the cstor acnf 

Haller ’ hIiowoiI tlie altihty of alcoliolysis to tlic replaecmcnt 
of (omplex aleolioln, mudi a» jilyeeriiie, Ly siinjde alcohols^, hucii as metiiyl 
aiciiliol, in fats and oils, iis, for example, eocoa Luttcr, castor and 
linseed oils Ills observations were ina<le with liyliogeii eldondc as 
catalyst Ihs work constitutes an ajiipliticatioii of early observations, 
witli the same reaetioii in etliyl alcohol containing liydroecii diloridc, 
recordi'd by Kochlcder ^ and [feitliclot ^ Tlic cxcliany, iii tlic case of 
polyliydnc alcoliols, may In' stopped at intermediate stages, wlicrcby 
partially cstcrilied glycols and glycerols are obtaiiH’d 

‘ I'iiHipl rnul. I'KiO, J43, •i.'tT, Kd.l. I'Hi;, l« la.’, IDIIS, 146, .’VI 
‘ )H1U, 69.-’W) ' ,ln/i I’him , ISr.l (iii), 41, Jl I 
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I>KH^ DKATION 


Tiik n’liiiival of tlu' (‘lenu'iits of w.ifcr fhun a ((uniiduiKl or compouiHlrt 
with simultiUH'oiis ])ro(lm'tion of a iirw suhslaiio' is oin' of tin- earliest 
types of reaction studied from the ealalylic point of view. 'I'lie 
dehyilralion of alcohol hy means of stilphnrie acid, vieldint; ether or 
ethylene, forms one of tlie classical examples of reaction m homoeeneon.s 
Inpiid s^steiii^ from the llicoreiical point of view, whilst possi'ssin^ a 
l(‘chni('al importance no less ereat in the proccsse.s of oreiime svnthesis. 
There will he shown in the sncceedinc putt's the widn applicability of 
catalyth' dehydration jiroeesses operated Imth in iiomoiieneons and in 
lieterojfene(»ns systmns. The reactions comprise tin* proiluetion of 
ethers and hydiocarhons hy <le!ivdration of .ileolioN. the ])rc(dii<tion 
of esters hy removal of tlo' ehnnenls ol water fioni an aleoliol and an 
acid, as well as processes of ilehvdralion in whn h are jirodiiced com¬ 
pounds as varied as aldelivdi-s, ki’toiics, lactones, anhvdrides, amifles. 
.thiols, ami manv others. 

Dehydration of alcohols to form ethers. 'I'lie production of ether 
from aleoiiol and sulphuric acid at llir is an example Ipspiently eitcsj 
in c'vidence of the fact that a small cjuantitv of the eatalvtie snlistaiiee 
is rapahh' of aocelerafin^ the transformation of eoiisiderahle ijiiantilies 
of tlie reacting siih.stance.s. Kurther. the c-\plaiiation of tin- tin’i hanism 
of the )*rocess hy Williamson in ISot. based upon the mliTmediate 
formation of ethyl sulphuric ac-id. is at oini^ a c-lassical and sph-ndid 
example' of tin* role of tlie intcTniediatc* compound in many catalytic 
processc's. It is demonstrahle that alcohol and concentrated snlphiine 
acid may react together to yield an acid c‘stc*r, c*thyl sulphuric and. and 
water, according to the (Kjimtion 

fjHs. OH + HjSO, . SO.,H + H2O, 

the products being stable in the cold in presence, of excess <jf alcohol. 
At 140'’, however, the ethyl sulphuric add is eapahle of eonihining with 
further fjiiantitiea of alcohol to province ethyl ether witli thesimultaneou.s 
reg^eration of suljihurii’ acid, as follows ; 

IVI5O. SO3H + C2H3. OH -t HjSO,. 
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If the whole j)roccss be conducted, ah initio, at 140'’, ether distila ofi 
uninterruptedly if alcohol be supplied continuously to the system, and, 
theoretically, the process might continue indefinitely. Actually, in 
practice, dilution of the acid with water and its partial reduction to 
tlio lower state of oxidation by side reactions cause the process of 
etherification finally to cease 

Kthyl sulphuric acid is capable of decomposing at higher tempera- 
tiires into ethylene and aulpliunr aeid, which latter may again react 
with alcohol and yield further quantities of ethylene 

tyV) HjSO, 

This, therefore, is a parallel catalytic process to tlic above, and 
|iredoimnates at temperatiireH of 160'^-I7(j'‘, though naturally it must"* 
occur to sonic extent at the lower temperature of ctlierification It" 
will lie obvioms also that the attainment of successful yichla in the 
production of ether is depondent to a degree on the avoidance of the 
secondary reaction yielding ethylene 

The production of ether on the techmeal sc,ale is one of cniHulcrablo 
importance, since ctlier fimctions as a solvent in many teehiucal pro¬ 
cesses, more especially those comiected with tier maniifat tore of 
explosives and tlic org-uuc chemical uidii.stry Some details of the 
process as ojieriited may thendore he ei\en 

Tlie original types of plant were adaptations of lh(‘ laboratory 
methods of pTCjiaratnm to the emnhtion of technical operation. 
Definite mixtures of ah'ohol ami sut|)tiune ;uid were distilled from 
suitable containers, and the disappearance of aleohol liy conversion mto 
tlic reaction prodmls wa.s compeusated for liy continuous addition. 
The distillate aubseqiieiitly underwent processes of piirilicatioii wliercby 
the secondary ]troducts of reaction wore removed, the final rectification 
lieing a jiroccss of fnictioiial distillation The process as thus con¬ 
ducted was cumbersome in detail, and ill deaigm-d to meet reipiirenients 
for Urge output Such iilant, therefore, has given place to designs 
more ada|)ted to the needs of tlie various indii.stnes eonccrmsl Actually, 
in tlie reorganisation, the type of catalytic reaition has been clianged 
from a reaction in homogeneous Inpiid system to one between alcohol 
vapour and the liquid catalytic agent, sulphuric acid of a definite 
concentration maintained at a fixed temperature m the neighbourhood 
of 140". The alcohol is vaporised in a senes of preheaters and passe* 
thence directly into the catalyst raeilmm Keaction occurs with 
evolution of heat, so that it is neceasary to cool the sulphuric acid b) 
means of tubes immersed in tlie liquid through whieli cold water u 
flowing The products of reaction, ether and water, together with i 
certain quantity of unchanged alcoliol, pass away from the catalyst 
in the form of vapour, directly to a dcphlcgruator in which the £on 
stituonts of the mixture are fractionally condensed At the lowest exi 
from the fractionating column, the water is removed At a bighfi 
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JSvel, pure alcohol is drawn off and returns to the incoming system, 
i,whilst at the highest point in the system the etlier is condensed and 
^removed. Owing to the fact that the ether vapour travels hefnre final 
•.condensation through the vapour of absolute alcohol, the ether ohtained 
is very efficiently dehydrated. Ktlier of the highest grade of purity is 
thus ohtained in a one-.stage continuous oiieration. The product is so 
-pure that it has been stated to he belter than that obtainable in the 
laboratory with the best refinements of working. The overall yield 
of the process in ether is practically quantitative, a trustworthy figure 
quoting more than 97 jier cent, coiiversion of alcohol to ether. The 
percentage of the inflowing alcohol converted in one operation amounts 
to 75, the residue flowing hack, as iiiciitioiied, from the fractionating 
column to the inflowing alcohol. In the operation of the improved 
system, side reactions arc practically oompletelv eliminated, whilst, 
since the water is removed in the resultant vapour phase, dilution of 
•the oatalytic medium is obviated 

As catalytic agent, various acids otlier tlian siilpliiirie liave lieen 
suggested and employed. Plio.spliorie acid lias found use in lliis manner,' 
as it IS more difficultly reduced tliaii siilpliiirie aciil ninl so may liave a 
longer period of activity. Similarly, a recent process of Kraft employs 
bciizencsiiljilionic acid for the prc|iaralion of etlivl etiicr anil oilier 
memliers of tlie series, and otlier aroinatie 8ul|ilioiiie acids may lie 
employed in like manner. However, it may safely lie slatwl that tlieir 
use is imneccssary in tlie iiglit of tile informiitioii recorded aliove as to 
operation with aulphiirieaciil. .Viiliydroiisr.iiieelilnriilemayalso he iisisi.* 

For tlie syntlicsis of more ('om]ilex elliers I lie metlnui of ealalytie. 
dehydration of the corresponding aleoliols is in general iiiisiiitalile. It 
is found tliat at the temperatures iieeessarv lo eilert deliyilralion to 
other, tlic complete deliydratlon lo livdrocarliuii also oeeiirs to a marked 
. degree. Tims, even with jiropyl aieoiiol. a eoiisideralile amount of 
■propylene is formed simiillaneoiisly vvitli I lie etlier, tlie yield of wliicli, 
therefore, is eorrespondiiiglv rediieeil. 'I'lic jireiloininaiiee of liydro- 
Carbon formation i.s still more marked in the ease of secondary and 
tertiary aleoliols. 

Mixed ethers may be obtained by using Iwo aleoliols willi siilpliiirie 
acid as catalyst, fn this manner, a mixture of the two dialkyl ethers 
and tlie mixed ether are obtained. Metliyl ethyl, etliyl-propyl, and 
ethyl-isoamyl ethers have been tliiis priqiarcil." 

In the vapour phase the elimination of water produces, mainly, the 
corresponding hydrocarbon. Only wifli alumina at 210’ lias Hie 
production of ethyl ether been noted.'* At more elevated temperatures, 
■production of ethylene is practically ijuantitativc. liaskervillc failed 

j • Booky, Aamks, 1913, M. 'tiO. = .Mai~rai, tM, IS3II, 31, li'l. 

i,; * for cTamplp, PfJfr, Un., 18W, S2, I4H>. 

^ for eiamptp, I'caup and Vung, J, Amer. Chtm. Snr , |W24, 46, 2207. 

^ * ./. Amr. am. Sac., 1913. 36. 93. 
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to cthor from HKohcl iis)nii thona as aocnt. even at temitcratum 
as low as 2r)U'' With phenols, however, in presence of thona at 4tXl’- 
hiH)', aroitiatie oxides result 

0JU((Vl5)jO + H,;0, 

and siimiltaneous dehydration of a phenol and alcoliol, using thona at a 
tcniiienitiin* of ittif, gives a ituxed ali|)hatn aroinatie etlicr 

CJf^ OHUyi-, Oil—>(’,11; 0 

Hydrocarbons by dehydration o! alcohob. Tlie mineral seids are 
the normal agenucs for the ilebvdiution <d aleoliols to vield livdrn- 
eiirlioim, the oper.itiiig leiiiperature hemg higliei than m the casi* of 
i‘ther fonnalion Tims nliohol and sulphurn aeid at ItlD'-lTn' yield 
ethylene At MO' ether m the main prodm 1 

A vuriett ol other (.itnhtn; niiilenals lias been eiinloved to edeet 
the ilelivdralion ol ahuhols to yield livdrocarhons \ due to the 
nainri' of snitahle ageiuies for siieli operations is at luuid in the well- 
kiiouii pradiee of adding sand to the siii|)lmti( acid-ahohol mi\tiire 
einplo\ed fur the |nepiir,ilioti of ellivleiie. in order to eiisnri‘ a --teadv 
gentle eviilntioii of the gas <Irigoiiidl' iirsi indnaleil the use of 
idnmiiia as a deh\dra1mg agent lor .ileoliol', Ip.iiii'w ■ studied this 
lutioii also and foiiinl that gia|iliiti' \\a^ .utue, prohafih hy reason of 
Its eonleiit of e|a\ Kvtemled investigation of MM Ii latalyin agents, 
[iriiu ipallv li\ Salialier and Mail he ’ lias shown ihal i aihoii piios|i|iorus, 
am! a mimhei ol oxides, as vm'II ,is solid deIn draliiig .igents mu h as / me 
eiiioride, Imsu alunimmm sulphate, .lad anlivdious (ahnim siilphale, 
all proiiiole I he dehydration of ,ili oliols 

Aniiinil eluirroai is, when (oTu))arfid with certain meiallii' oxides a 
rehilixeiy poor deli_\drutnig lulalvtin agent It m m,irk<'dl\ inferior 
even to red phosplionis, wlm h possesses .piile .o tive < atal\tn mllnenro, 
with, however, llie disadvantage that small (|uanlittes of plmsplioretted 
h\dr<igen are simultaneously proiimed and must l>e lemoxed from the 
resulting gaseous prodm ts 

Sahiitier and Maillie * mvesfigaltsl tin aitnitv of oxide ealaivsts 
lit temperatures in the neightioiirliood of :!l)i)"-liKi Jt was shown that 
tlie nmjontx of o.xid<‘s promote two leaetions simullaneonsly -one the 
proiess of dehydration, the other the jiroee's of (leliydrogi'nalmn By 
rtimlysis of the gaseous products resulting from the di hvdratiou of etiiyl 
alcohol It was [lossihh' to sliow that, with certain catalysts, ethxlene 
was exdusixely produced, but that, generailv, it was adimved with a 
certain proportion of hydiogeu The following table shows a senes of 
oxides arranged in the order of activity as dehydrating agents, ttic 
figtires referring to the pcreeiilage ol etiitlene m the ethxienc-hvdrogen 

'J I'ft./, (’Arm .xv. li«l,33 ITI IM! chi.n .Vm^. ) 2i. 

* lUr. IIKII M. ™ I'll).’ 3S |(i(T I'KXl, Se, lll’i'a 

’ Inn.lAipii , lUIO (viii), 80 IlSt* ‘ Am- it/ 
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mix(ur«‘ produced by i)a<ssagi‘ of alcohol vapour over the oxide, mass 


maintained at 34O'"-;j50^. 



IVr ri-iif. 

TIiO. 

. 100 


Ai.o; 

UK T) 

IVhvdiuting agents. 

w.o. 

. Its a 


(V.O, 

. !M 


sia. 

S4 


TiO.. 

. m 


Bet). 

. i:» 


ZiO,. 

4a 

Mi\<‘d delivilrutinn and 

VPn 

. 24 

dc'liydiog.'iiafiiiii. 

MeJtj 



Fe,(), 

11 


V,.f), 

»♦ 


ZiiO. 

a 


.Mat). 

0 


SiiO 

0 


CdO 

0 


.Mn,0< 

0 


.Mi'i) 

0 


Cii 

0 



0 



The fieurrs indicate that tlioria is <'\rliisi\elv a dehy<lratiiie anient 
under the coiidilious named, whilst aiiinuna and tin' l)lui‘ oxnii' of 
tunj'slrn are practicallv i|UantUative in this respeej. With tlie 
remainder, howeV(‘r, the (hdivdro^'enalion proce^v more ninl more jire- 
«tomniates. until tiimlly with oxides like SnOainl CdO the delivilrutiiiK 
a<'ti<tn Is entirely sii)'|iivssed 

In regard to the tliree elfective aj'enl'^, Sabatier reached the foilowiny 
conclusions. Thoria is tin- most robust. Its activity decreases but 
slowly, and may readilv lie restored bv iemlion to r«’dness. The bine 
oxide of tungsten is prepare<l in aitu l)v ledin-tion 'd tungsten oxide, 
and mav be rejuvenated by reo.vidalion and suli.seipient reduction. 
Alumina is very sensitive as a dehvdratme afienl. to the physnal state; 
of tin; catalyst An active form is prepared bv elehydration <d tlie 
^washed jirecipitateel hydroxiih- (obtaiiieil by the decomposttnpii of 
.sodium aliiminate with sulphuric acid or from the nitrate liy pneipi- 
[tation) at a temperature of .‘ilKt'. [jinition at liiifln'r tempiTatnn'.s 
renders the catalvst consnlerubly h'ss active On tin; contrary, the 
active material prepared at i.s verv seusitixc to aceiimiilalions of 
deeomposition produels in the cataly.st ma.ss, atnl its riwtivily rapidly 
diminishes on thi.s account. Aeconlm^ to Milhtran ' bauxite has marked 
catalytic activity, varyiiifi widely with the samj>h;. 

The relative cHicienctes of such oxide eataly.sts have also been 
investigated by Adkins and his co-worker.s.'^ They (;onclude. that in 
the comparison of chemicaliy identical siibstaiiees for a given reaction, 
for c.vamplo the dehydration jirucow under consuhiratioii, tin* metlnul 

‘ SAl>atnT-lt«'iit (Vnti Noilrntnl &. i'u.. tlliJ). p io'f. 

* J. Amfr. Chfm. Soc.. 44 , m, UlTS, 45 . W»0, ta:M. 46 . I3e, 19^5, 47 . H07. 
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Ilf jirijparatioii may he morn important than tlm clioniical composition 
of the catalyst Tlioii w'ork sliows also that tlie state of a catalyst, as 
(li‘ti'n!iii)eil by pre[iaraticii and pro-treatmimt, ftoverns not only its 
absolute activity, but also its relative activity towards two or nioro 
alternative reactions Furthermore, they indicate that it is easier to 
dujilicate relative attivities tlian absolute activities in diftcrent catalyst 
]ireparations by the same method As illustrative of the selectivity 
secured by method of preparation of the catalyst, Bischoll and Adkins ^ 
have reeenlly shown that with seven ditlerent titania catalyst.s, prepared 
from Inilyi titanate, titanic acid, ethyl lituiiate, methyl tilaiiate, 
lilanous clilomle, sodium titanate, Demauay's o.xytitaiiate.s, and 
isopropyl titanate, a jiroj-ressive decrease in the ratio lUl.i/CUIg + Hj 
IS obtained in the dehydration of ethyl alcohol A fivefold variation m 
this ratio 13 secured with tliese s(‘Veii catalysts 

The ethane jiroiluced in tins reaetion is ascribed by Bisclioff and 
Adkins to a simultaneous autoxulaluni and ledin.tion . 

2(TI,(:H./)H=(TI,,.l’l[,aTlpl(l + llp, 
one molecule of ahohol hcio}{ oxidised to alcohol and tlie ulher reduced 
to tile hydrocarlion There is no evidence that (he ethane is formed by 
interaction of ethylene from the deiivdnUion |>roccss witli hydrofjen 
from the deliydrogenation prociss Jhigclder^* actu.illy tried this 
without smu'Hs and I'oiiebidcil, accordingly, that tlie ‘ nascent’’ 
hydrogen produced caused (he hydrogenation of the ethylene Ihscholf 
and Adkins's view is u possible alternative 

Constderiibli* attention has bi-eii given to tin* iins hanism of etlivleno 
production from vaiiorised alcohol in contact with deliydration catulvsts * 
l[)aticw concluded tlmt the reaction occurred in two sti'ps Senderoms 
lielieves tliat the foimiilioii of ether anil ethylene are two iiide|)endent 
reactions, but Pease* and Yung do not think that liis c'arlv evidence was 
decisive Adkins and Nisscn |iiimted out that, in their stiidii‘s a given 
ulunmia mtaljsl. causes the formation of tlie same amount <d ctliylenft 
from et livl ether tiuU it does fioiii ethvl aic'olml, alt hough tliere is twice 
as much water formed from the nlcoliol as tliere is Irom the ether. 
I'ease and YYing showed, as a eoinjiiicatmg factor, that ether may 
decompose* to give one moleeule of alcohol ami one of ethylene These 
latter authors oonclitde. that the reaction to yield lilivlene occurs m 
stcfis and that it is nut necessary to assume direct deliydration to 
c-tliylene, althougli tins is a possible mechanism From a study of the' 
rate of dehydration of alcohol iiml ether oiititunia, HischolT and Adkms 
show that etlier is only one-half as rc-active at as nlcoliol is at s, 
temperature* of 400“ They conclude from this that etliji ether is not. 
an mtcrmediale stage m the production of ethylo',^-' 

‘ J Amr ckem sV<, l')J5,47,Sll * I {Ch(i>‘. IIUT,21,676 

> IjuitMis, llrr, 11)1)4, ST. 21186. N-iiUirrn-e. Hull Sm Chm. 190R. 4. 821, Adkins '«4 
Nwfl(*iU .liwr, CAfKi . 1024, 46. 1.10 , I'esse wij Yung, did. IU24. 46, .190, ]l.*uo(! ^ 
Sint Alikins, ibuJ, 1925, 4T, 814 




^ Dehydration of aldehydes and ketones.— As is disclostMl l>y the ^latent 
literature, the preparation of compounds containing conjugutcd double 
bonds by dehydration of aldehydes is a matter of considerable import¬ 
ance in view of the possible condensation of thesis reactive products 
to terpenes and rubbers, Aluminium silicate at r)()()'^-G00' is stated to 
be an effective dehydrating agent for this jiurpose. Thus 
1033327/1912 claims the use of this material for the deliydration of 
butyraldehyde and valeraldehyde, v.ij. 

CH 3 . CHj. CHj. OHO —> OH.: OH . OH : OH^. 

Methyl isopropyl ketone when passed <*V(*r kaolin above lOO" gives 
isoprened probably via 3-methvld)utadiene : 

/CH 3 /'H, . 011 ^ 

CH3CO. CH( —> 0H2: 0 :0; Olla: (’ll X' 

H’H, 'OH 3 N'll 3 

Dehydration 0! amides yielding nitriles. - Amides, eitloT in tiie li(piid 
state or, better still, in the vapour phase, undergo deliydration, in tlm 
presence of a variety of catalysts, to givr the (‘orres|)onding nitrili'.''* 
Thus, from acetamide, acetonitrile can readily be obtained : 

('H^OONHa-OHyON^ H^O, 

with alumina, pumice, and sand as catalysts. There is some evi(l(*nc<i 
in the data given by the authors cited that eipiilibrium is attaine«l in 
the li<pud state at about 6 H per cent nitrile formation at a teiujxTature 
of 2r)()'^-260'^. In the va]KJur })hase, at 420'', a 90 per <'ent convi'rsiiin 
was attained. Tlio aldoximes, winch are isomeric with tlie amides, 
yield nitrih^s by similar treatment. 

\'an Epps and Reid produced the. amuhi from acid and ammonia 
and dehydrated the amide as formed in a single operation,^ alumina 
being a convenient catalyst operating at a tenijM'ratun^ of oOO'" 0. An 
85 per cent yield of nitrile was thus obtained from aertic acid. 

Adkins and Nissen^ showed that the. formation of nitriles from 
amides is not affected by modiiicatiotis in the pr«!paration of tlie 
catalyst, in sharp contrast to tlie reactions of alcohols already discii.Hsed. 
They ascribe this to the lack of inlluenee of spatial reliitionsliips of t he 
catalyst material. It may bo, however, that the real reason is that 
practically the whole of an alumina surface is active- in this reac.tion and 
only a small part of the surface m the alcohol case. Ih)asih!y some 
clue to a decision in this matter could be reached by a study of the 
: felative poisoning of th(f catalysts in the two reactions. 

Dehydration of hydroxy-acidi yielding lactones. - The elimination 0 ! 
• water from hydroxy-acids with formation of lactones is a dehydration 

‘ and Kyriakidea, U.S.P. 1106290 ; J. Soc. Chm. Ind., 1914. 33. 942, 

^ * Boehner and Andrews, J. Amr. Chem. Soc., 1916, 38, 2503; ll<R‘hn»T atid WanI, Hid., 

f 1016. 38. S605. 

* J, Amr. Chem. Svc., 1916, 38, 2128. * J. Amr. Chan. Soc., 1924, «, 130. 
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CH. 


])ro('r«.s catalyticallv ac(,cl('rah'<l Ky ai'icL Tiic rf'dftioii occiirnng, 
wliK'l) inuy Im' gciicrali.sn! an followM 

K ('ll ()ii((:ii,)ii ('0 (ih:<?|{ ch(('h,)ii (;o+h,o, 

1 

0 

IS tlu’ ri'NiiU. of an t'ljiuliliniim botwi'cii two ojiposisl reactions, wlneli, in 
jireseni'e of amis in diluti* aiiueoiis solution, wtuTe tlie concent rat ion of 
w.iier may lie reganled us constant, are uniinolecular and are l)oth 
cataiytieallv promoted t)v aiMition of amis The reaction velocity in 
sill'll a process is liy the ei|Hatioii 


where a is the initial i otn entration of hydro\y-aml, i the amount 
transformed at lime I, and and L, tlie reaction constant'- of hn tone 
forniatioii ami the reverse hvdrolysis i('s]iecti\clv in piesence of the 
added uciil 

If the eipnlihriniii ecnistant of tin' leiietioii lie A’, then 


and consei[iien(lv 




and this expression, 
the eipiutioii 


1 integration, )ield', a 


shown In 1' 


o. 'k, 

* I ^ h,l 


(A'it)i 


The eipiatioii gives values for the sum of the (wo leartions in terms 
of the i'(iiiilihrnim eoiistant and ihe .piaiitilies of aeid and Intone 
present iit the times t,t and I It was tested experniientallv hy Henry 
III tlie case of hmlruxvlmtync ,icid good reaction constaiiK fur (/, < LJ 
hemg found with the aid of Ihe eX|>enment,dh determined ei|Uilihriiim 
constant A - 2 (IS !n the eonversioit of owv.derie arid to Valero- 
lactone it was fomid that the eipiilihriiim eoiieeiitratuui id lactone is 
more than t)2 [>cr cent of the ongmnl loncentration of livdroxv-acid, 
so that tlie influence of the reverse reaction on the vcloeiiv of lactone 
fonnatioii was small, and the I'rocess oceurriiig couhl he treated as a 
simple iinimolecular reaction witii the velocity ei|iialion , 


to which, obviously, also, the above equation for the two op[iosing 


X'ltrh iihyidul f'hein , 18U.’, 10. US 
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r<‘actions reduces when N = lieeomea larp' in eonijiariscui with the 


other magnitudes. 

Studie<l tlius as a iinimoloeular reaction, it was sliowii hy Henry 
tliat the conversion of oxyvalerie acid to valerodaetone was I'utalytie- 
ally accelerated hy acids in proportion to the concentration of the 
hydrogen ions. A more e.-tact study of this reaction ' in presence of 
varying concentrations of catalysing arid with and without the addition 
of neutral salts having a roiuinon ion, has shown that the proportionality 
to hydrogen-ion conceiitralioii is not, however, ati e.vact one, Imt that 
the deviations are analogous in every way to tlio.se already oliserti’d 
and noted in the case of catalytic hydrolysis and synthesis of esteis, 
and that, therefore, the same e.xplanations of mechanism of the catalytic 
activity may also be employed in this case 

Since hydrogen ions are eatalytieally active in promoting lactone 
formation, it is obvious that the liydrogen ions formed hv' solution of 
the acid Itself in water will aei'clerate the reaction * another e.xaniple of 
aiito-cataly.sis. h’lirtherniore, since in the ]irogress of aiito-catalvtic 
action the concentration of livdro.w-acid is jirogressively dimimslied 
with formation of lactone, it is obvious, also, that the auto catalvlic 
activity, and coiiseipicntly the rate of reaction, will diiiiiiiisli. The 
reaction thus affords an interesting eximiple ol auto retardation The 
iiifliieiice of these two factors of aiito-catalvsis and auto retardation 


on the V(‘]f)('iry (if liU'totM' furniation in lujiicdus solution was s|i(Ti;i)]y 
invcstigati'd and mutliematically ftirinulatod by t'olliin* iii a stmlv of 
tiu' conversion of earhoxybenzyl alcohol to the eyelic lacloins jihl liabde : 


.(112 OH <'^2 

'XhHj- Mi lip. 

X’OOH (O- 


Th(* reaction has been studied in fiirtlier detail bv Kailan jim! 
Neumann,^ who liav(‘ shown that uitli hydroehlorie-aeid eorieeiitratioiiH 
up to one-lifth normal the vtdocity is almost exactly jirojiortioiuil to 
the acid concontration. and, therclore, rises nnicli more rapidly than 
the hydro«en-ion concentration. At lii^zher comerdfiitions of ealalysm); 
acid tin* increase in velocity is nioie rajud than that of the liydrfiyi'ii-ion 
concontration hut less rapid thnii that of the molar eoneenlration. 
They attribute the catalytic activity, tln‘refore, to the liydroyim ions 
solely and ascribe the deviations from strict projiorlionably to a wilt 
effect of the extra acid similar to, but hvss t han, that exerti'id hy neutral 
salts. 

The reaction is one which is adajited to study in solvents other than 
water. Kailan and Neumann have siudu'd the reaction velocity in 
alcohol and alcohol-water mixtures. They liiid that th<( formatitjn of 


* Taylor and Cln«-, ./. /I»nfr ( him. Stic., I'llT, 39. <22. 

* Ztiilich phyaiLal. (Jhem., IQ, UMl. ^ Ibui , liliM, 94, 111; 1922, 101, 6.1, 
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lact.oni’ prom^H much faster in 99 per cent alcohol than in water, 
both in [irescnce aiui absence of hydrochloric acid as catalyst They 
show also that water exerts a much more marked retarding action on 
the fatalytic process than is found in esterification processes (p 364) 
With iiufciiflinj: additions of water to the alcohol the velocity falls 
bi'low that in jiiire water, shows, therefore, a mimraiim such us is found 
in the decoinjiosition of diaxo esters in alcohol-water mixtures 

'I'aylor and Close have also studied the velocity of lactone formation 
in ether and iii ether-water solutions, using hydroxymethyl benzoic 
ttud ^ They foumi a negligible reaction velocity in dry ether which 
was tenth normal with res[iect to hydrogen chkiride This result seems 
(lohiutely to estaldish that imdissoeiated molecules have no catalytic 
aelivitv 'they found, however, that m ether saturated with water 
and also tenth normal with respect to hydiogen chloride tlie velocity 
of foriiiatioii of the lactone, plithalide, was extremely rapid as f onipared 
with the velocity m aipieous liydrogen chloride or in acid solutions con¬ 
taining dissolved ether Tins result vc-ry definitely eslahlishcs the fat t 
that tJie reaction velocity is not diri’ctly ]>ro|)()rtional to the acid 
concentration or to the hydrogen-ion eonccntration, since this latter is 
verv much greater in water solution tlian m ethereal solutions, if 
mmisurcd liy conductance of the solutions 

The result obtained is, however, m (jualitative agreement w-itli the 
theory that it is the activity function of the catalyst which determines 
tlic reaction velocity For, from (lislrihiitioii e\[)eriiiieiits, it is known 
tliat hydrogi'H cldoride distributes itself bi'twecn etliei and water in 
such a way tliat more than 99 per cent of the acid is m the a<iiieous 
layer (himpanson should therefore lie made of reaction velocities m 
the two solvents not at 0 (|Uiil acid coneoiitratmns hut at coneeiitiutions 
111 the distribution ratio of tlie liydrocliloric acid m the two solutions 
Dehydration of fatty acids. - Attempts to eliminate water from the 
nlijdiatic acids are, with the exci'ption of formic acid, only ai'liieved 
with simultaneous evolution of carbon dioxide and rupture of the 
molecule, tlie product being ketomc or aldchydic in nature 

Formic acid may bo decomposer! in several ways and m presence of 
certain catalysts with elimination of water. Thus the [lossihilities 
may be formulated by the e<iuati<ms 

(1) IIC00H--> IljOit'O, 

(2) 2HC001I- ->li ()H() + ('0,+ HjO, 

(3) 3HC()01I ->CH3 OH 1 CO 2 + H 2 O. 

whilst dehydrogenation may simultaneou.sly occur m effecting one or 
other dehydration process, accorrlmg to the reaction 
HCOOH-^CO^ + Hj 

The primary process of dehydration to yield carbon monoxide, and 
water is that normally occurring on treatment of formic acid with strong- 
' clow', DiMcrUUon, Princeton. 1922 
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leliydrating agents sucli as aiiljdiurio acid or uuliydroiis oxalic acid. 
The reversibility of tliis process has long boon known, and is the basis of . 
modern technical practice for the synthesis of formic acid. Actually, 
use is made of a base such as sinia, the product hemg, therefore, a 
formate. The equilibrium occurring in the proeesa is calmdable, 
according to the Nernst heat theorem, from the thermal constants of the 
reacting substances. 

Thus, for the gas reaction, according to Pollitzer,' the heat of 
reaction: 

CO + n/)-H.OOOHi mi cak. 

can be obtained from the heats of eombustion. and amounts to 
9300 cals, for gaseous formic acid. I'tilising tin; Nernst apj)roximaliini 
formula and values for the “ eheinieal constant ': 


= r\o -3*5, f'uijiou 
ther(? follows for the e<iuilibrium e<piatioii: 


log 


('0 X H.,() 


W) 


H.UOOH" 4-5717’ 


„ + K.g 


- 3-.^, 

r \ a-H, 


which gives the following values for K : 

r-.W r)(Wf liKHPitbs. 

K - 20 3 v H)^ 10’. 

According to this result, formic acid decomposes practically quanti¬ 
tatively to carboivmonoxide and water when but slightly heated. On 
the other hand, the equilihnnm eoiieen1rati(*n of tin* aeni at the 
ordinary terai»erature should he demonstrable, especially if increased by 
application of pressure to the systi'm 

In the researches of llraneh tin* c(juilil)riii prevailing at, 15tr arnl 
218° with gas-li(]uijl phases were actually det<Tmined. It was shown 
that the decomposition was reversibh* and that, mineral acids, especially 
hydrochloric acid, acted as catalysl.s 

The equilibrium constants given by the mea-^iiremcnts represent 
that of tlie reaction ; 

H.COOHim -IV),k, +CO, 

the values of K being 89*9 and 310 at b'jO'’ and 218', wlieii tlie CO con¬ 
centration was expressed in atmu-spln-res pressure, that of the formic 
acid in mols. per litre, the waUir as the ratio of its eoneentratlon to that 
in pure water. 

It was shown that with ^ A'-hydroehloric acid as catalyst no 
appreciable side reactions occurred, tin? gas formed being pure, carbon 
monoxide. 

Sabatier and Mailhe * have shown that in the va])our phase various 

* BerecAnun^ch€V»9chfr AfJ. Ahrmi Snmniluny. 1912, j». 44.1. 

*/. 4w«f. CA«m. 5oc., JD1.5. 37. 23J«. » (:umpi.Ttnd.,m\.m,Vm. . 
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oAiilt! Ciitaly.stH ;ict siriiilarly Tims oxide of titaniuni ut 
j;iv(',H rarljoji monoxide in a maikeil dogrco of purity, and tins is true, 
also of blue oxide of tungsten at 270'’ Alumina, silica, zircoiiui, ami 
uraiioiiK oxide give mainly caibuii monoxide, but a certain proportion 
of formaMeliydi' 13 simullaiieously formed according to reaction (2) 
Witli uraiioii.s oxide, tins latter reaction is almost us im|>ortiiiit as tlic 
Hjtii|i|i' dediydrittioii process With tlioria tlie cliange commences at 
2rt(i'-iST-V', with ]iroduction of all the products of dehydration The 
[iroportioiis of each progressively alter with rise m temperature of 
(lecomposilioii At 2r>i)''' the gaseous produet eontains 73 [ur emit CO, 
IT) per cent (.'0^,, and H) per cent bL together with a small (piantity ol 
liipiid formaldeliyde At 32(r there is about 45 per cent ('0 in flu- gas 
and considerable ipiantities of the comleiisatimi product of formaldeliyde 
and metli)! aieohol Tins latter iiuTeases in percentage with merieise 
111 teiiiperahire, due lo the fiirtlier dee<im[n>sition of formnldehyde to 
carbon monoxide and hydrogen As a result of 11 sliidv ot the deconi- 
position of the formates, Ibifmaiiii and 81 liibsteil found ^ that the vndd 
of forimddehvde was greatest from /me and slaiiiii-iis formates 'I'lm 
enrr«‘Spoii(!ing oxides would he cxpeMed to be most elllnent in llie 
catal}tie decom(iosiLiun of formic acid to yiuld foriiialdeh}di- 


Mi.xt'ii l)t:nviiK;Vi'H)N 

Homogeneous esterification. The elimm.ilion of tin' <‘Icmenls ol 
water fiom an alcohol and an acid jointlv gives rise |j» the foitnalmn of 
compDimdslciiowii as esters, and the prmess itself is tmiiied esteiiln alion 
Till' reaction iHninmg mav he generalised in the case of monohasie 
caiboxylu amis li> Ihe eipiaiion 

R COOlls R; Oll-K COORj + lfjO, 

and, 111 a similar mamit'r, reaetiuiis lietweeu pohbasK carbowlie and 
other lu ids may be generalis('d 

The reaction occiirimg, as was shown in the olassicil .studies of 
Rerthelot ami I’neii ile St (lilies ,us earlv as lSt)2, h a heaiilifiil example 
of the revel,Slide or balanced m lion It i.s definable as to the e(piilihriiim 
])03ition by means ol the (liihlbcrg-Waage law of mass action formulated 
in !S67, ami (lierefore subsequent to the actual experimentiil prtmf 
furmshinl by the studies 011 estcrilicatioii The rescan lies of Rerlhelot 
and St (lilies demonstrated that with e(|Ui\aleiit initial concentrations 
of acetic acid and etlqvl alcohol, for example, there was present at 
ecpiilibnuni one-third of the original coiicoiitratious of aeid ami ulcohcd, 
ami two-thirds of ester and water According to the mass-action law, 
therefore, 

^ Hkt wnUr O'btl s (f 66 4 


‘ litr. 11U8, 8t, I3'XS 
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It was further demonstrateil tliat with vnryiiu; |iru|iiirtiiins of 
alcoliol tliis inass-actioii constant was niiiiiitniiied, ami that, then'fore, 
in presence of excess of alcohol a hieh percentage of acnl could he 
transformed to ester. 

It was pointed out in tin' |)tecedinp' chapter that, the reverse action 
in this process, the hydrolysis of an ester, is catalytieally aeeeleraled 
by the addition or presenee of nmnerous suhstanees, and chief ainoii).' 
such accelerating agents were acids. As is therefore to he expected, 
acids are also catalytic agents in the production of esters and have lieen 
consistently so used in preparalivi' organic chemistry Since acids 
hidiave as catalytic agents, it is obvious that the reaction hetween an 
alcohol and an acid is an auto-calalytie proeiws, the acid umicrgoing 
esterilicalion being itself a eataly.sl of the reaelion In general, how¬ 
ever, and especially in the e.steriiication of weak acids, as, for example, 
acetic acid, addition of a strong acid catalytic agent iij general l‘or- 
merly, the principal acid catalyst was .siilplinric acid, and it is still 
occasionally made use of as a convenient agent. Krcipienlly, lioweier, 
owing to its .strong dehydrating and charring act ion, its ii.se is inipo.ssihle. 
In agreement with the observations made in the section on Indrolvsis, 
the strong acid, hydrochloric acid, is, however, the hclier agent, and 
use of this acid is the basis of the nioderi, method of estenlicalioii as 
worked out by Ivnil Kischcr and Speier' The inetliod einploved by 
them consists m healing the, acid to he esterilied with an excess of alcohol 
eonlaiiiing about 3 per cent of dry livdiogeii chloride dissolved in it as 
catalytic agent After a (leriod of tilin', dependent on scleral lai tors 
to he more, fully disenssed later, cpiilihiiiiiii is altaincd, and the ester 
may he obtained therefroiii in sev eial ways liv raising t he leiiiperat are 
to the boiling point of the mixliire, the velocity of reaction is greatly 
accelerated. An earlier method employed by v. Meyer and Siidhoroiigh 
was oiierated at the ordinary leinperatiire, eoinpeii.salioii for the relative 
slowne.ss of the. reaction being elleeted by iiMiig satiiiale.l sohilions of 

hydrogen chloride in the alcohol , ,, , -i 

■ The more recent re.searchcs of Sender.'iis and Miouletie • 

di'inonstrate, however, that sniphime acid can operate m a smiihir 
manner to liydrochhirii' acid It was shown that on disjillatioii of 
ciiuimoleenlar |iroportions of acetic acid and ethyl alcohol 1 !•« fier cent 
of the theoretical anioiint of ethyl acetate was formed. M itli 1 fier cent 
of sulphuric acid by volume, however, the yield is «te.i per cent, o 
theory. The general apfilicability of tins method was demonstrateil 
in later irapers.* Anhydrous aluminium .sulphate am potassium 

hydrogen sulphate were'also shown to I.fleetive catalytic agents, 

82 fier cent yields being obtained. .Inhydrous sodium sul|ihate was 
without action, however, showing that the activity i.s not entirely due, 
to the dehydrating action, Thi.s latter was emphasised by Kiirtcnaeker 


» Rn. 28. 32.)2. 

» tVm/V. nnd, nHI,182, 1671. 


« II, id. 27. --tlf 

* F'lt PNainjtlf, (,'oiupl. fif'd, Mil*!. 168 , 1621 ). 
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and Haliormaiiii,^ who also studied various other salts, A German 
patent ^ combinoa hotli dehydrating and cataljtic activity in a proposal 
to jirodiire ester quantitatively from alcohol and acid by boiling the 
components in presence of anhydrous calcium chloride and a mineral 
u( id 

The Velocity of esterification is siifliciently slow for convenient 
•sfiidy, the j»rogress r>f reaction being readily determined by the diminnh- 
iijg acid coiilont of the system, duo to the production of ester As in 
the case of hydrolysis, therefore, the process of esterification has been 

I the ol.j(ret of conaiderablo study with a view to the elucidation of the 
tbeorcticiil as[)ects of the catalytic process 

The relation,ship between chemical constitution of acnl and alcohol 
and the eatenfication process lias occasioned considerable research 
The work of Mimsoluitkin® on the aiito-eatalylic esterification of fatty 
acids demonsti^led that the velocity of cstentic.ition diminished with 
increasnig romplcMty of the acnl and of the alcohol, it was more 
rapid, how.'ver, in the case of primary alcohols than with secondary 
or tertiary alcohols Side chains, negative substituents, and iinsatur- 
ated linkages in a jirimary alcohol also caused dimiiiiil ion of esterification 
velocity These latter conclusions wore supported by the subsequent 
(hdenmnatious of Micbael and Wolilgast^ on the esterification of 
tncliloroacetic acid by various alcohols EM-eplions to Mcnsohutkm’s 
observations are, however, noted liy Jachty ^ in the case of elilormated 
fatty acids, introduction of a chlorine grouping accelerating the velocity 
of estenrieation over that of the siiuple iieid 

Parallel e\]ieriments on constitutive iiilluoiKe m the ea.se of 
esterification in pn-sence of liydrogen ctilondc a,s iMtalyst were first 
imdertakcn by v Meyer, alone and m conjunction witli Siidboroiigh * 
it was shown, for example, Muit iliortho-suhstitiited henzoic acid.s were 

■ very resistant to esterification, the degree of inliibition being governeil 
to ii certain degree. howevcT, liy the nature of the substituent Thus, 
the. infliieiieo of hydroxyl and methyl substitution was not so marked 
as that of mtro-, halide, and carlioxylic radicals Substitution lu other 
than the orllioqiosition liad romparatively little iiilubitoi) eifect on 
the Fisclier-Speier esterification metluKl. The literature of this type 
of investigation has been nuiltiplied enorinouslv by the, organic chemist 
with a view to the cieterminatmn of constitutive mtluence, more 
especially as to the operation of atenc hindrances ’ 

The researches of Goldschmidt and his pupils into the problem of 

‘ ./ ;.r Chm. I'll I (ii |. 83 .Vtl * II U V 23J8IS 

’ ./ i>r Ckm. 1881 (ii), 34, 49. 1982(11), 35, 193 lifr. 18y7 SO, 2783 

< Her. IIK)1I,43, 31.V7 ‘ Awr Ckm J, lfl'l,>. 17,27. 18% 18.5% 

« U'r . 1894, 27, CIO. 1580, SHU 189.5. 28, 182, 1254 

■ ' Sw i'B[)(«.ihIIy Siiilbor(rtij(h »nil iiiB co workem, .f CKtm ,Soe, 1898, 73. 81, 1905, 87, 
1840. 1907,91,1033, llWO 95.315,97.5, VVegsehndor, JIom/W . 189.5, 1«. 73 , 1897,18, 

• 418, 1120, 1809. 20, G8fi , 1900, 21, 621. 638. 787, 1902, 23. 317. 3.57, .369. 393. 405. 1093, 
100.1, 24. 413, 916. 1905. 28. 1039, 1906, 27, 487, 777. 1007, 28. 819, 1908. 29. 525, 531, 
635 541 5.57 1910 31 1233 
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esterification have been carried out with a somewhat different object, 
employing dilute alcoholic solutions of the acid to be este^rified and using 
hydrogen chloride and other acids as catalyst. In such circumstances' 
the concentration of alcohol can be regarded as constant and the reaction 
velocity as interprctable by means of the unimoh‘cular equation 



Operating in this maniier, it was shown that, as a rough Ji])})r«»xi- 
mation, tho reaction constant varied jiro)»or(ionat(“ly to tlje liydrogen-i«)!\ 
concentration, and that the activity of different add catalytic agents 
was in direct relation to tlie strength of the aci<l as determined liy the 
hydrogen-ion concentration from conductivity data in alcoholic solution. 
Thus, in order of diminishing catalytic activity, came liytlroehloric, 
picric, trichloroacetic, trinitrobenzoic, tnchlorohiityric, and dichloro- 
acetic acids. Goldschmidt further slK»wcd that the ratio of the velocities 
of esterification of an organic acid with two <lifferent catalysing acids 
was constant and independent of the particular acid esti'riiied in a 
given alcoholic solution. Thus, as thi‘ following table rcvi'als, the ratio 
of the velocities and esterification, using hydrocldoric and picric aciils, 
averaged 13*5 with acetic, propionic, /(-Imlync, and phenyl acetic acid. 


Add. 

1 Lr. ,V/I0-Hri 

0, .V.'IO- 1 

l‘iiiii'4d<l j 

h. 

Acetic 

. : 17!i 

0 \iV2 

i:{r, 

Propionic . 

: 1.7lt 

(1-115 

i:t 1 

w-Butync . 

OTCd 

0 05^2 


Plienyl acetic 

o-iHi:> 

0 0(10.5 

KlS 


Witli hydrochloric and sulphosalicylic a( i<ls a.s catalytic agents the 
ratio was similarly constant. 

Observation of the ret^ardalion of ri.’uction vidocit^v din» to the 
influence of small (piantitie.s of water produced during the process of 
esterification or added to the reaction in<*diiiin ‘ led Goldschmidt ^ to 
the hypothesis that the active, catalytic agent of the esterification 
process was an alcoholate, 

(O 2 H 5 .OU.H), 

of the hydrogen ion of the catalysing acid. This alcoholate was 
regarded as interacting with tlic acid to Hq estcrifiod, yielding the ester 
product. The retarding action of water was ascribed to reduction of 
the concentration of the active alcohol by hydrolysis to yield a non- 
active ion hydrate: 

(CjHs. OH. H) + fijO (.yij. OH ) (H. OH . H). 

■ ■ (iditehnioit. Brr.. 1895.38. 3218 : with .Sundi', Aid.. I9W, 39, 711; Kul.n, ManM., 

1907, 28, 116. 669 tl ttq-: IW 29. 799. “ Z«d»4. ElrUmhm., 1906.12, 432, 
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Thus if ^ = «[(iilil)rHim ooiioi'Titrafton (if the ion alcoiiolate. 

/(-• tli(( initial coiicontration of aihlc'd water, 

/^itie concentration of acid estcriticd and therefore of water 
formed in tiic reaction, 

r^tlieeqiiililiniimor hvdrolytic constantof iheabovohydrolyhis, 
y-tlie equilibrium constant of ion liydrate, 

there (ollow, aeconliiijj to the mass-action law, 

C(,i[, oii iijCji,()=^/ ('cjK, oi[-r('j[() j( if 
or (I) 

III [iri'seiice of 1‘XceSH of alcolio], wimli niav liierefiire be regarded 
as constanl a simjilified treatment of the [irobleiii may be obtained 
if .tSMmi[>tion be niadi; that i/, the com entration of loii livdrale, may lie 
iiegleitecl 111 cotniiansoii with {ii {■ i), the total (iiiaiititi of water [iresent 
In siicli eases K(|iiation (I) iKronies 

'I "f (2) 


the term / uieliidiiig the aholiol eoneenilaflon term, a''siiiiie(| ('(jiisliiiil 
If rt'iiroseiii the ion-al( oliolitfe coiieentiiilion ni tol.il .ibsetiee of 
water, It follows tlmt 

U-l-'l (!) 

^,1 may be expressed, liy aiqiliention of the mass action Uw to flic 
('((nation 

('.Ilf, Oil t till 111, 

in terms of c, tin; II ion (oiu (“lit rat ion in ab,suliil<' .iholiol, the coneen- 
tration of alcohol in inols per litre (h), .md (j, t||(> eijiiihbrnmi (onstant 
(if tins reaction 

Thus ^ ^ ^ (a 

Siibstitiiling tins value in (.l| we obt,iin (be \iilnes of ^ or 7 in terms 
of these iilugiuttides, \l/ 

whence from E(|uatton (2) 


Now the velocity with wliieti e.stentication oeiiirs is proportional 
at any niomcnt to the amount of luu'steritied acid and to the concen¬ 
tration of the cataly.st, { That is, 


ih 

dl 
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fwere a ia the original concentration of the aciil undergoing esterification, 
^ibatituting the value for J obtained in (4), there results 
dx j (j)lx\r 
dl n + / + r 

and this on integration gives the result 


k. c J . = n + r \ a 


log 


a 

■■ -jr. 
a - X 


(^•) 


By determining two values of x at times ami we obtain thereby, 
with Equation (b), two equations from wliieh the value of r may be 
calculated. In this way Goldsclimidt ealeulated a value for the 
hydrolytic constant r=0’15 at 25° for hydrochloric and sulpliosalic'yUc 
acids, the value varying but little with a whole series of dilTerent acids 
esterified in ethyl alcohol solution. At. 0" the value of r heiamuis O-Ottf). 

Tlie falling constant, A’, obtained by application of the ordinary 
unimolecular equation and caused by the inhihiting iiilluence of the 
water formed in the reaction, was to a marked di'griM* corrected for 
by use of Equation (5). Application of a still more exact, but also more 
complicated, formula obtained without m^glccting the concentration 
of the ion hydrate y, as comparc<l with n l-/, gave l•v(‘n better i-ou- 
cordance in the reaction constants. 

The problem of retardation by traces of water lias also liee.n thi^ 
subject of investigation by Laiiwortli and liis eo-workers. Lajiworth 
and Fitzgerald 1 cmjdiasised the point of vi<'w that the water acted by 
rodueing the roncontration of the free iiydrogm ions )»reseiit in the 
alcoholic solution by a simple prorc.ss of liydration. ('ontrary to tlie 
Goldschmidt point of view, the tree, hydrogen ion am! not (lie aleoholate 
is assumed active; the ion hydrate, as with Goldschmidt, is regarded 
as inactive. In a subsequent pajier^ Lapwortli directe<l attention 
to a number of reactions in wlm h the anti - c atalytic ellect <if 
. water was marked, and proceeded to a mathematical development of 
the view put forward in the earlier jiaper. The addition of water to a 
dilute solution of hydrogen chloride in alcohol was regarded as (he 
addition of a relatively strong ba.se to a solution of an acid in a weak 
base. On this assumption, and making alh»wance for the n-moval of 
xthe catalytically active hydrogen ions by both water and alcoliol as 
ion hydrate and ion aleoholate, LapwortJi deduced for the, velocity of 
'• esterification the equation 


A' 


M 

}M' + M 


(here u is the active mass of the carboxylic acid, 

j<=a constant dependent on the nature of this acid, 

> J. Chem. Soc., 1008, 83, 2167, ‘ ' Vsm. *V, 1008, 93, 2187. 
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M anil 7^2 refer to the active mass of water lind erjuilibnum constant 
of the ioii-ioii hydrate I'quililinujii, 
and K '2 the {■(irrespoiidin}' inaeintudes for aicoliol, 
j IS the measured dej^rec of dissociation, and A the, total mass of 
the catalysing add 

Tills IS 111 accordance with the observations ol (lohlsciimidt and 
lldhy and witli the eijiiation [ireviousiy dedured (]) 369) 


as will he evident from the following (om|iarisoi) of svmhois 

(C) l<ij) h I c (I -1 II i- j 

( 1 ,) .0 „ 

The inter[iri‘tiitiiins of the tuo cijii.itioiis, however, are hv no means 
identical, for whereas Coklsehmidt assumes that the ion ahmliohiti' is 
the aitive calalytie agent in older to derive Ins ei|U!i1iou. Lapwortli 
assumes tliat the velocity of esterification is at aiiv time |iio|>or(ioiial 
to the active masses of the earhoxylie acid, I Ik* ideohol, .md the free 
liydrogi'ii ions 

To test further the idea of rhe avadabikty or s.ill-formnig power of 
an )i(‘id 111 various solvents on addition of a base relalivelv stronger than 
the solvent, preliimiiary imtoinetne deterimmilioiis were made 111 
alcoholie soliilioiis of hviloigeii (tiloride and m beii/ene and laiboii 
tetraehlorule solutions of triehloiuaei'lic in id. using v.iiioiis basv's iind 
aminoa/nhen/etie as mdiiiitor Concordatii values were obtained for 
the relative hasie a Him ties in del reusing order of a seiie.s ol weak bases, 
the order being caibamide, w'ater, other, othvi nleolml, aectone, ethyl 
acetate, and melhvl uleohol 

A later jniblieiitioii ’ dealt more [lartieiilarlv with the ".ivuil- 
abilitv ’ of liydrogeii ehloride ni ateohohe solution and the iiitiiience 
of water tliereoii In this [uildieatioii the availability of the and is 
defined as a {inictioii pro[iortional to its capacitv for forming lomplex 
hydrions with aiiv mono-aeid ha.'e, whiih. miithennilKallv expressed, 
hecoiiies 


where P is the avaihihihty. ^ the conceiifration of eomplev ions, and B 
the eoiieentratioii of free hase, k tin' constant for the base used By 
tmfomctric and esterihcatioii expenmenra the availaliilitv of a very 
dilute solution of hydrogen I'liluride m nuu.st alcohol was shown to be 
nearly an inverse linear funetion of the amount of water present for 
quantities of the latter not excecilmg a concentration of O-o niol per 

' l,ii)ivnirtli and I’Mtiiigloii, J CA'-w .Siv, 67 , HI 
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litre. The availability in this range eonld be r('pr(‘S(‘nt<Ml by an 
expression 

c k 

/•-h ic' 

where c^ooncentnUion of Itydrogrn chloride, 
k-i\ constant, 

concentration of water. 

r ^ the water etpiivalent ol llio ah-olitd pres.ail. constant, as was 
shown by (Joldschinidt ami I. dbv, for a given alct)hol, but 
witiiin expiTiinental error the same by nicasuremi'iits cither 
of esterification or by determination of the salt formed with 
a weak nnmo-aeid liase. 

Interesting in n'gard to this latter eonelu>ion of Lapworth and 
Partington is the cotiehision reached hy Ifn-dig. Millar, ami Praiine 
that / (the water equivalent or basic water value of bapwurtli and Par¬ 
tington : the hydrolytic constant of (loldsehinirit) was numeneallv the 
same, in (liazoai'etie-ester deecmiposihon in aiptemis ahoholie solution, 
as in esteritieation measurements This idenlitv natiirallv suggests a 
common cause in each ease. and. moreover, is of imputlam'e in a 
decision of the relative merits of the two poitils of view. Por. as was 
jHunted out in the pnaa'ding chapter in refenmee to dia/'fi ester <leeom 
position, the (loldsehimdt assumption of mm-aetivilv of the nni livdrale 
h'aves onlv the hydrogen ion as t he ealalvtie ag'-iit for the decomposition 
of diazo est<‘r in (Ufumis solution, ami vet. inesleriliealion,(MtldKehmidl’H 
tln'ory assumes lioth free ion and nm hydrate to he inaetive. hut the 
ioii aleoholate, howi'ver, to lx* active. In Tapworth's \iew', the fr<‘e 
ion IS the active agent, ami is determined hy the availahility of the 
acid. Obviously, therefore. Isipworth's iheorv is applicable wiflioiit 
modiliealinn to ail the various acid eatalvtie processes here <'oiisidered, 
whilst Ooldschmidt’s view reipiires adjustment to meet parlnmlar eases. 

Lapworth and .loncs ' have extended the investigations to studies 
of the influence of temperature on 1 he basic water value, j , of the tlieory. 
ami al.so to measuremonis of vapour pressures of hvdrogen (hlonde in 
moist alcoholic solutions, in order to obtain liirllier evidem-<' on the 
point of view- juit forward. It was shown both 1)V the tmtoim-lne and 
by the esterification metbod that the value of r steatlily increased with 
temperature from a value of bO v )()■’* at tf) !)7 / lo ^ at in 
(piantitative agreement with the results of (Johlseliimdt and Ldby, 
who, howeviT, emjiloyed a different concentration of eatalvst, which 
affects the absolute values obtaim‘d very considerably. 

Tlie diderinination of the jiartial vajiour jiressiire of hydrogen 
chloride in alcohol in presence and in ab.sence of water vapour served to 
connect the behaviour of water in the reactions previously discussed 
with its influence on tlie more directly measurable propertie.s of solution. 

• J. Chtm. Hoc., Iftll. 99. 917 O vq. 
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It was shown that the partial pressures of the hydrogen chloride are 
rediiceil very considerably by the presence of small quantities of water, 
as IS evident from the graphical representation in Fig 18, the lelative 
depression increasing, moreover, as the concentration of acid diminishes 
The reduction caused by water on the electromotive force of the 
, hydrogen electrode in alcoholic hydrogen chloride, investigated in the 
same laboratories,* has also been used as evidence of the point of view 
here set forth in explanation of the aiiti-catalytic effect of water in 
esterification processes 

The inliueiice of additions of neutral salts possessing an anion in 
coiniiioM with that of the catalysing acid was next investigated by 



Fio 18 


(lohlsclimidt and led to further remarkable eoiichisions It was 
shown, for example, that adilitnni of clilorides was without inlliienee 
on the velocilv of estenticatioii, using hydroclilonc acid as eatal)st^ 
With weaker acids, addition of neutral salts repressed the velocity of 
esti'nfication The retardation was, however, by no means proportional 
to the hyilrogcn-ioii concentration, as calculated b\ applnation of the 
mass-action law to the electrolytic dissociation of the acid in presence 
of a salt having a common ion Instead, it was shown that addition 
of excess of salt rojiressed the velocit_v of reaction to a definite lower 
limit and no further Goldschmidt associated these observations with 
the coiivlusion that the undissociated molecules of catalyst are also 
active, and calculated out his exjienmental results m accordance with 

' S«) Huriiinan »iiil Ijipwortli. J. i'hrm Sue.. 191tOI, 2249 
• Ooldidiniidt, ZtiUcS KUkintlifm , 1999.1#. 4 









this view.' The relation between the catalytic activity of the undis- 
sociated molecule and the strength of the acid was pointed out liy 
•Snethlage,® who showed from Goldschmidt's figtires that the stronger 
"'the acid the greater the catalytic activity of the undissociated molecule, 
pointing out further that tlic ratio of activity of imdissociate,d acid 
catalyst to that of hydrogen ion should be independent of the acid 
esterified. Goldschmidt and Thuesscn demurred to this view as a 
result of investigations with methyl alcohol as solvent.^ A recalculation 
of the results by Snethlage,^ however, justifnis the original assumptions. 
It is there also pointed out that the constancy of the reaction velocity 
with hydrochloric acid as catalyst in presence of c)dorid(‘s is to i)c 
exj)luiued by the hypothesis that in alcoholic solution the ai^tivity of the 
undissociatod hydrochloric aci<l is e(pial to that of tlie Ijydrogen ion, 
a view in agreement witli the observation that the ndative activity of 
undissociated acid to hydrogen ion increases with incri'asmg strength 
of acid. The problem of the catalyst in esterilieation processes must, 
however, be considered along with the conclusions from other lines of 
work. Tliere, the tendency is away from tin; assumjition of an ai'tivify 
of the undissociated molecule and towards a kim^tic or thermodynamie 
treatment of the hydrogen ion as the catalytic agent. 

The complexity of the esteritieation process is manifest from these 
riisearches. It is evident that the o|)eration of a mimlnT of eipiilihria 
are determining factors in the, velocity with whidi estorilieation occurs. 
These include the actual electrolytic dissociations of the catalyst and 
esterified acid, the equilibria between the ions, tiui undissoi-iat'-d moh-- 
cules, and the alcohol solvent, as well as the disturbing equilibria 
brought about by the intervention in the nuietion of the wat*‘f produced 
in the esterification process. In addition, also, tin; possil^ihty of ter- 
molecular complexes in the case of tin- non-auto-catalytic, reactions 
cannot bo excluded. The direct or auto-catalytie esterification process 
has beim regarded by most workers as differing in de.fail from the 
catalytic process, and it may be in the possibilities and stability of 
complex formations, as much as in the factors of acid strength, that tlic 
. differences lie. A deeper study of this snliject from such a point of view 
would doubtless sliow that the <iilTcr(‘nr('.s observed are rc.eoneilable to 


the general underlying principles whicli liave liecn ]iiit forwanl. 

^terification in the gaseous phase. -Esterific,ation in tln^ gaseous 
phase in presence of oxides as catalysts has licen sludiitd by Sabatier 
and Mailhc.^ When an alcohol anil an acid are simjily passed through a 
heated tube little or no reaction occurs in the sense of the equation 


R. COOH + Ri. OH - R. COOKi + HaO. . . (1) 

H a charge of certain oxides, as, for example, TiOj, be placed in the tubo, 


i ZeUseh. EUiiroeUm., 1911.17. 084 . * M . IHlil. 18. 039. 

» ZeUMh. Ohm., 1913,81. 30 . * IM-, 86, 238. 

* Compt. rtnd.. 1910, 180 . 823; 1911, 188 . 358. 491, 1044. 
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raiJiil r<-;u tii/ii witli I'PiiIik fioii of |iio|i (uiiooitratioiis of i‘st<T will rt'siilt 
.ii Ji toni|H'mliiri' of 2H()''-3iJO' 

Ir lilts Im'cii sliowti 111 a |)ii'i nliii;’ M'ctiim (|i ii'Hi) lliat fi\.i<lc;i arc 
cffcitivi' t.ilalyhi a;'ciits iii [iroiiiotiiij^ the lichydratioii of alioliols 
with liv'lrociirlioii foniiation, acconlin^i lo the cnuation 

till —I ' lUl (■>) 

It will l.iti'i lie shown I lint tin siiiue ayents are aim ai li \ e iii [iromutin;' 
the (leioiiiiiositioii of iienls willi eliniliialion of water ainl carlion dioxide 
to foilii ketones, as neiicrallscd liV I he e([liatloti 

2R COttli , lh,Oi K nut (3) 

It. will therefore he ohvioiis tliat ill order to |iroinot(' ellieritn alion 
aecorilm^: to lv]iialnm (I) due re^'.ird iniisl he |i,ud m the dmne of 
calalyat to the [lossihilite of iKeiirieni c of tlie reai lions (2) and (3} 

Thus, It iniehl lie aiitHi[ialed that thorin, wlinli is a \e:\ idliiieiit 
aotuit 111 llie deliydrafimi of .ileofioR and also in the dei oiniiosinoii ot 
fallv ainds to ketones, would not he the most siiil,il)!e .lyeiil foi pro- 
iiiolin;; eslentieatnni in llie e.iseoiis |)|ia>e (In ihe lontrarv, with 
aroinatie.K ids, where (lie leiideiiev I'U real I lull (3) lo om iir is niin li less, 

I hona niav lie Used \erv' elha tive|\ as an esteiiln at ion ai;i nt iiinl was 
so Ilf itiseif h\ SahaInT and M,ill he m (he s\ nthi s|s of niinieroiis esteis 
of li(‘ii/a)ie and (oliiie ai ids, r <; 

('ji^ (’ooil it'ji., (til -(;ii,d''io cji-i noil 

The ease wi(ii whn li this reai tioii proceeds points to tin lai t, wliidi 
IS loiitiriiieil he the sulivei|Ue|it I'xamphs, lliat delivilratioii iroiii ah 
ueid atid an .ikoliol jointK om iiis lutn h iiioie re.idil} lhan dehvdiatioii 
of an ah oliol alone 

h'or the Synthesis of [att\ ai id I'stiTs, the i linin' of iit,uiia as eatahst 
was just died hv the results It w ill he ohsern'd from its position iii the 
table nted in the set don on ddddialnm of aleoliols (p 3')7) that tltaiiia 
IS linn h less ai Ine as a deh\ dratiny aeeiit than ihoria, and lliis is like¬ 
wise true for lO aedon on fadv .nids \| JSn .3(Hi , Iniwever its 
(hdnilratine aitioii on aleohol and falt\ and jondh is \erv ellertue, 
and thus euii he used for the s\idheMs of (hr most \aiied fiti1\ ami 
esters- 

The jiTelerenee of esterdietdioii over ilelivilration in ]ir(tseii(e of 
sudablo oxide eutaUsts is also nnlieated by tlw fart that aomi vidds 
of ester can i><' ohianied e\en willi seeondar\ alcohols Thus, at a 
teiiiperalure of 3(H>', iso|'rop\l alcohol mar he C'teritied without the 
snnullaiieoiis produetioii of prupvlcne, whereas willi the aleolnil alone, 
rapid delisdratioii sets m with prodinttyii ol the ludroearhoii at a 
temperature of itiQ’ 

With isobutvl alcohol, decomposition into Imtvlenc sets m at 235®, 
oven in presence of tlio acid, but esterificalion occurs below this tom* 
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peraturt' in presence of titania. Tertiary Inityl alcohol aiul isobutyric 
acid O'ltcrify slif'htly at 235® without hydrocarbon formation. 

Mailho and de (lodon ^ claim that zirconia is as jjood an (■.'itcrificaticm 
agent as titania. Mdligan, Chap|)cll, and Kc.id - have studied the 
esterification process extensively and conclude that silica gel is a better 
esterification catalyst than either. 'I'hey do not find that bervlha is a 
catalyst, contrary to the views of HausiT and Klotz.^ The researclu's of 
A«lkins and his co-workers'* set the matter of the suitability or other¬ 
wise of a catalyst iu a somewhat dilTerent light. They conclude tJiat 
it IS much more the form of the catalyst mat(‘rial rather than the 
jiarticular dehydration oxide catalyst which governs the suitability 
for the dehydration process. They find, for (‘xainple, that aluminas 
prepari'd from different starting materials, sncli as pn-cipitalcd alumina, 
alnimnium-mercury couples, aluminium alkoxides, show very variable 
behaviour in esterification activity. The same also is found In l>c true 
for titania catalysts from dilfcrcnt .'iourci‘,s or different methods of 
jircparation. Tlicy ascrihe this varying behaviour to a varying spatial 
ndalionship of tlic active centres of the cataiv’st surfaee due to varvmg 
distances of sindi centres a point ol view <h‘Vcloped by Langmuir^ to 
account for activation of catalyst maUnals It would be mlvaiitagt'oiis 
if some definite proof of sucii a spatial arrangement of activi* centres 
couhl be brought forward. As yet the assumption is, in leahty, an 
<t(i liiK‘ hyi)othi‘sis. accounting for known experimental facts. It may 
be that only a certain fraction of the ijxule surface is in reulitv catalvtic- 
allv active and that this is not the jilane surfaee hut I lie nioleeiiles 
which an* detached from the normal irvslal iattiee. in a stale of un- 
satnration. This latter point of view is that sugge.sted hy data on the 
poisoning of catalysts, adsorption by catalysts, ami the data of promoter 
action in otlier types of catalytic process. 

Sabatier ami Mailhe*' found tluit at- 2SU'-3tHt’ the limit of eslenfica- 
tion with eijuimolar <]uantities of acid and alcohol was from (ib-72 per 
cent, somewhat higher than the c(]uilibnum found by lh‘rthelot and 
Paen do St. (lilies in Inpnd systems Milligan, (Tajipell, and Reul. on 
the other liand, found much more complete conversion in the gasianis 
phase, using silica gel as catalyst. Kdgar ami Sc-luiyler’ sliowcd that 
the e<juilibriuin is much more nearly complete conversion in t)ie vapour 
phasi' than in the liquid condition, as determined iiy distilling cipniihnuiii 
mixtures. This is in accord with Milligan, (’liaj)[>cll, and Keid. It is, 
however, as ha.s already hecn pointiMi out, in di.sagrer-ment- w’ith the 
observations of Sabatier and Mailhe that the reverse process <if liydrolysis 
occurs to the extent of 3() jut cent in iMpiimolar mixtures of e.ster and 
water. Further experimental work is here neces.sary. 

* Bull. Soc ('bm.. toil. 29. let. ^ J. Vhj-Knl Ch-w , lii::!. 29, 87:’. 

» Ckem. Znt.. 1913, 37. 14(1. 

* J. Amr. Cbm. A’oe.. 1922, 44. 39.>. 217.'). 1923. 48. 8i>» . 1924. 46, 130, 192rj. 47, 807. 

* TraiM. Farad. .SV»c., 1922, |7, C07. * Loc, ctL 

* J. Afner ('hem. Soc., 1924, 46, 64. 
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Dehydration of alcohols and ammonia yielding amines —Alcohol 
vupours and ammonia when led over oxnlc catalysts undergo dehydra- 
lion, the eiements of water being removed from the two reactants jointly, 
according to the e([uation 

C„Kj,,, ,011 + NII 3 - 140 f C„H 2 „ ^,011 

Investigations of Sabatier and Mailhe ' have siiown that this jtocoss 
IS generally applicable m the synthesis of aminos It is produced readily 
in presence of tlioria at temperatures of 300®-350° without production of 
ethylcnic hydrocarlioii With the other oxides cited in the earlier 
table us possessing mixed deliydrating and dohydrogeimtion properties, 
the |)roduction ol amines is eipially possible without accompanmient 
of tfthyloiiie livdrocarbon or hydrogen as side products Tlu‘ formation 
of ammo completely predominates 

lly substitution ol a jiriinary ammo for ammonia in the entering 
va|iours, the product obtained is a secondary amine 

R.OIUU, NI4-H,N.m{ tl40 
This forms n general method for the preparation not only of symmetrical 
secondary amines -winch result m small ijuantity as a secondary 
reaction in the dehydration of ammonia and alcohol but also of mixed 
secondary amines^ Thus, from ethyl uleohol and isoamylaminc, 
secondary etliyl isoamylaminc is readily obtained Similarly, also, 
alkyl ilcnvatives of jupendine may be obtained ^ 

Witli phenol reaction is ver\ small,^ even at 4(Kf Witii ^-najihthol, 
liowever, reaction with amnioiiia occurs m c<mtact witli alumina ui the 
temperature interval dUtl^-briO'^ (', iMtli the proiluction of j6-na]ihthyl- 
ainiiie, 5 

Dehydration of alcohols and hydrogen-sulphide yielding thiols Ly a 

])roci‘<lure analogous to that just detailed for the syntliosis of amincB, 
It 18 jiossibic to elloct the synthesis of thiols The dehydration of 
alcohols admixed witli sul|iliurettod liydrogeu bv means of oxide 
catalysts at temperatures m the interval of ;WK)''-38(f forms a general 
method of pieparatioii of thiols from the corresjiondmg alcohol 

r„H,„ OH'-IUS SH ilLO 

The reaction may be aecompanied by further dehydration of thiol and 
alcohol to produce the corresponding siiljihidc, according to the equation 

Of the oxide catalysl8rfm|)loycd, thuna has proved the best, the 
yields of thiol with the simpler jirimary abpbatie alcohols exceeding 
75 per cent The side reaction producing cthylonic hydrocarbon is 

* CWp/ rfwt, lain. 150, S2II * S«l>alii'f »tiii Miilhy, ( cmpl rent, IWW, 14S, 900 

* liiiodion, llai! cV C'Airt , 1011 0^' ). * SnUlK r K«id, p 

* Looy iind Howuld. U S P 144fl4‘i.l 

* SttlMkUiT Mid Mttilht', Compf rend. 1010, tSO, 1220 
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sma)! in such cases, but with secondary alcohols it is considerable, and 
the yields seldom exceed 30 per cent. 

The yield of thiol per 100 parts of isoamyl alouluil decomposed 
decreases with the oxide catalyst employed to the extent shown in the 


following table: 



ThO, . 

70 j 


ZrO, 

•w , 

('r,Oj 

Vi\ 

'M) 

Mo.O, 



ALb, 


With the catalytic agents of small ellicienoy th<' (uoduet is mainly 
amylcne. 

Phenols at a somewhat higher temperature range of 13(1’ ISO" yield 
the corresponding aromatic thiols: 

C’ 8 H 5.011 + H 2 S=--(VT;.,SII fll.O, 
but only in small quantities, the yields never exceeding 10 per cent ’ 
Dehydration of aldehydes and ketones, - Conileusnlion of several 
molecules of aldehydes or ketones, with simultaneous elimination of 
water, is promoted by various dehydrating agents common in organic 
technique such as sodium or potassium hydroxide, sodiiira acetate, dry 
hydrogen chloride, zinc or aluminium chlorides, 

In the case of aldehyde,s, the product is in general a higher iinsatiir- 
ated aldehyde, as, for example, in the case, of acetaldehyde, which is 
slowly transformed by boiling with aqueous sodium acetate or zinc 
chloride into crotonic aldehyde, according to the reaction (sec also 

p. 3.o'J) 

CII 3 , CUO + OH 3 . CHO --> ('II 3 . ClI; CII. fllO + lUO. 

The analogous reaction with acetone is provided by reagents siicdi 
as aluminium chloride, sodium, or lime, yielding, even in the ordinary 
temperature with long contact, mesityl o.xide in the first plaee, and t lien 
phorone: 

2CTfa, 00, OH 3 —> (0H3).3 :0: OH, 00 . OH 3 -I- HjO -> 

(CH3)3;0:OH,OO.OH:C(OH3)3. 

Condensation with elimination of water between mixed aldehydes and 
ketones is similarly possible, espcoially with aromatic aldehydes. Thus: 


(1) C,H8.CH0 + CH3.00.CH3 


^C,H5.CH;CH.00.Cira + H,0, 


(2) 2CA.CHO + CH3.CO.OH3 


—> (C,ll5. CU; OH)jCO 4 2H,0. 


The variations of this reaction are manifold, and the agencies 
employed have likewise been multiplied in organic synthesis—generulisa- 

^ S6bfttj^an(l Mulhf, CotnpL nnd., 19t0,150. 1570. 




378 


CATALYSIS IN TfIRORY AND PRACTICE 


CJI 


tiDti or .sysfctnatiscitiuii of tiu' cliaiif'o m itiijiossihlo, ninoc they have been 
little HtU(lii‘il from the tlieonjtical point of view -douhtlos due m a 
def^ree to the hIowiuns of the reaction velocity 

Dehydration of alcohol-aldehyde mixtures yieldmg acetals. Dry 

hydrof/eii ciiloriiie is the nuiiiial catalytic agent * for .simiiltiuieous 
dehydration of jiiKtures id alcohol and aldehyde, the jirodiict of reaction 
being the acetals Tiic aldehyde is added to a I per cent solution of 
hydrogen cldornle in the alcohol and rcaetioii is allowed to take [ilaii' 
111 the cold 

H (dl Of2R' Oil U CllfOir)., I If/) 

If heat lie employed to aicelerate tiie rea<'tlon. the yields dimiiihli 
owing to the liyilndytic inlluence on flio product of tJie catalvst 
cniployt'd The same cat.ilytic asi<'nt [iroiuotes the aitioii of aldehydivs 
awl alcohols to form acetals willi the simultaneous em[)io\nii'iit of 
ethyl orthoform,lie ') 

Simultaneous dehydration and elimination of carbon dioxide from / 
acids, yieldmg ketones. With the aid of ovide latalv.sls, the fatly amb 
liiglier lliaii toiniK .n id yield, on lieatiiig, ssmmetneal ki'toiies withj 
simnllaiieoiiH elnnmation of water and (iirlion diovide 


2K coon - U CO 1! I CO. I 11,0 

As w well kiiowii, diy di.^tillatiuii of the e.ih mm or haniini «alts of tin* ■ 
fatty acids yields the i orrespowlmg ketimi' Tlii‘ ti.iiisformution of ' 
tins pioi'ess to a calaivtn riMilioti ^\a^ Miggexled li\ S(|iiil)li* ulio 
proposed to pass the \a[iour ol jtetie and over baiiiiii' '.iib<ii)ate 
heated to .Mur As e.ulv' a,s ||il>2 tins proei-s^, aicoiding to Coinov * 
was said to be afiplicd imliisiriallv, Melds of more than 'tli poi leiit 
being possible in the later of the two pafiers iited S(|mlil> leeords 
the decompoMfion I<I IKI [lel cent acetoiio of ITlM) Ibs of absolute acetic 
acid III a Luge rotaton stdl 12 feet lung li\ 2 feel diametei during a 
[leriod <if I2li hours Tins would lonespond with a coii\ersioii of 
d'l niniviinateiy one-lliird of a pound of acetic acn] per ciibu foot of 
“ >-st spao' pin liotii Ibei ipit.ited (arboiiate i unstitiites lui elhcient 
'ilulyst, jp||- 'I’l,,, „f |)|,, IS of 

ong (iiriili\^^i^j^ 11 ^ (arbomsalioii, awl naturally at such 

im|)( ratlins i pn-sence of siieh a |).irtial pressiiri‘ of carbon diovnle 
’"yform .‘i.rlHBiiiO 

IpiUiew amt ^‘“ItP^ilimum ' and Mailhe'• eviended tlie list of cataivsts 
0 /.me oxide awl 
vtiilst Sewlerens ® sliowe 
lithe 

3 constant, in the ease of t' 


/uiiate, (wlnmim oxide, and ehromiiim oxide, 
ndtn ns shown .j thoim operated efhcieiillv 

, 8 l,l»,urh,„>,i „1 ,,y 

\bnri.i n'viMlicalioii of the catalvst can he 


» / 


K I'CMlnr .lint Unrln' /iVr. IS'I7. 30'.\ 
./ .litiir < hm Mr, ISO'i 17, IS7 
fVm hd. I'KI.’ 21, 3"y 
Mimirc .^c 6 'c IIKIT 


'iV 

’V'W 


la. >;ti 

* J Wi... 


Vkiji CAo.. Mr lIKU, 34. 7W 
t Vhim, imov ), J. 8J4 
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DEHYDRATION 


m ’ 

effedually carried out hy sininlc ijznition. Atlkins aiui Nissen ’ have 
shown that the rate of reaction ii^ iH»t sensitive to the methods of pre¬ 
paration of the ahmiina catalyst, a feature already discussed m the 
case of dehydration of amides. 

Ferrous oxide is a suitable catalytic aeenl for the producluui of 
ketones from the hijiher fatty acids. Thus, with stearic acid, an 
Hi) ))er cent yield of sli'aroiie may Im* obtained. 

Modern plants for the manufacture of •<\nthetic acetmie emphiy 
such catalytic agents, with economies in the operating iem}>eratures 
and in the yield of jiroduct. Thus, it is possible, bv means of a three- 
stapi process, each slaee catalytic in nature. t(* jiruc<‘ed from alcolud t<i 
acetone. The conversion of alcohol to aldehvde is a typical dehydro 
venation process, as earlier (Uitlineil Oxulalion of ahhdivde yields 
acetic acid, and dehydration of this wilh elimination of carlion <iio\ide 
results in acetone Tlie pctssibililics el.sewht're outlined for production 
of alcohol on the teehnical scale hv calalvta- processes, taken m eoii- 
jnm-tion with tin* present ajipiicalion. illustrate in a marked manner 
tin- penetration of the catalytic reaction into modern imliistry. 

' cinm. s.H , laji. 46 lae. 



CHAPTER XIII 

COl-LOlllAT. f!ATA!,VSTS 

\Vk huvi; had {iccasKtii to note that iii tin; pn-paratnih of activr catHlvAtH 
tlio leactants wen* fr^iiu'iitly converted into th(' colloidal form before 
dryinjf at lo^ tpinperaturon, m order to ensure a iar"e sjxitihc anil active 
surface Af'ain. the ciriployinent of catalysts in the form of finely 
divided materials precipitatisl on catalyst snpjiorts, r <] platinum black 
on iiuigiiesnim suipbate or platinum sheet, is now quite giuieral In 
addition to these two forms, m which catalysts have lieoti employed 
as agglomerated colloids, we. find that for certatn purposes colloidal 
suspensions and emulsions of catalytu' substanees present great 
advantages 

As representative of those types we may consider hotli the (olloidal 
metals- -especially platinum, iiuiladium, and nickel - arul the enzymes 
These two possess eertam ciiaraetcnsties in common, and for which 
reason the term inorgatiie ferments ha.s been applied by Rredig '• to 
colloidal metal sols 

Ciu.noiuAL Metals 

Hitter and H Davy first made use of catiiodic di.sporsioii methods 
for the pre[>uration of metallic sols, which metiiod has now been 
supplanted by those of Bredig and Svediierg ‘ 

I^ir the preparation of pure hydrosols the electrical methods olTer 
certain advantages over elieraical processes, such as reduction with 
pliosphotns (Faraday), formaldehyde (Zsigmondy), hydrazine (Gutiuer), 
acrolein (Castoro), or protalbimc and lysalbinic acids (Paal), in that 
impurities which may act as protective colloids or as precipitaluig 
electrolytes aro entirely ebminateil Reduction with hydrogen * or 
carbon monoxide* produces purer sols than the previously mentioned 
chemical reduction processes, but are not so good as the methods of 
electrical dispersion. 

The following diagrams illustrate Brcdig's and Svedberg’s methods 
for the preparation of hydrosols and organosols of the metals 

‘ MtOtoden MU’ UertttUH*^ KoiUnifr lommijen. DmUeii, 1906 

• Kolilwliutlf r, Zerf.icA. Etfifrochfm, 1908. H, 49 

* Donau, Uonaiaitk . 1905, M. m. 1900, ST. 71. 
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In Brodig’s method of picparation, an electric arc {4-10 amperes at 
50-220 volts) is struck between two thin wires of the metal under the 
{liquid. The wires should not exceed 2 mm. in diameter and the 
optimum arc gap is usually only 1 or 2 mm. in lengtii. 

Silver, gold, platinum, and iridium sola can easily lie |irepareil by 
this method. The addition of a trace of alkali yields a In-tter sol, but, 
for many purposes, electrolytes must bo entirely eliminated. The 
process is in reality one of cathodic dia))etaion, since the anode fre¬ 
quently gains somewhat in weight during sol formation. For metals 
which are somewhat easily oxidisable, sncli as lead, cadmium, and 



copper, the water must not contain any o.vygen, and tlie sol should be 
prepared in a hydrogen or nitrogen ntmosphero 

Metals such as zinc or iron yield hydroxides when attempts to |ire- 
pare hydrosols arc made. Organosids in methyl, ethyl, and capeeially 
isobutyl alcohols, ethyl malonate, ether, chloroform, or liydrocarbon.s, 
' when prepared by Bredig'a method, are usually very impure, containing 
large quantities of carbon produced by decomposition of the dispersion 
medium. 

Svedberg introduced a method which yielded much jiiirer organo.sols 
than could be produced by the direct arc process, utilising a high-tension 
.»oscillating spark discharge for the diajiersion of his electrodes (ti-inch 
spark coil). By the introduction of a high-capacity inductance into the 
. 'circuit and keeping both the self-inductance and resistance of the 
'. -circuit as low as possible, both hydrosols and organosols of high |iurity 
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('oiild l)(' i)l)t.aiiii'il Thi‘ riifltal for dhpi^rsion forms both uli'ctrodes, an( 
•small piod'S <if till' .siinii' motiil mav be [dacoil at the botlom <if tlir 
coiitiiiiiitif' vessel, siiice, owing to tlui high voltage of the applied (urrent 
sparks may he formed over several inches of the vessel hetweei 
neiglihniiruig piece.s of metal 

Less than 2 per cent of carbon is usually introduced when ai 
orgaiio.Hol, c(/ bohutyl alcohol sol, is pre[>ared in this mamuT B\ 
slight modi(i(.ition of Svedln‘rg’.s metlmd even non-metals of jjooi 
eondiietivity m.vy he dispersed Svedl)erg lias jiri-pared organosols ot 
such eleinimts as Hiilplmr, phosphorus, carhnn, and silicon, as widl as id 
ciTlain minerals, such a^ (<i[)p(T siilpliidi' A high degn'e of dispersity 
has ri'adily been attained 

Tlii‘ iiydro.sidstliun prcjiared are usually in'gatively dunged, although 
certain metals, espiaudly iron lUid Insmnth, are positive, owing, 
d(iiib||(‘SH, to the pieseiii.i' of liyduixides, vvlikh m the sol form art 
usually posilivi' 

The dlhereiK i‘S of |ioteiitt.il hetweeii 'oi and dispersion medium are 
small Thus Burton ' gives tin' following figures 


UO).' ir-lol, 
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The average electrie charge on a partu !e of sil\ er -ol is, an ordiiig to 
the saiiH' investigator, ahunt 2 B ' H) - i-lei tiostat n nmt', 01 for one 
gram-eipnvaieiit oi stiver III the dispersed sl.ito till' diarge is onh ^ 
per I'eiit of the dinrge on n gram-eipinah'iit BolI m liargi'and sign 
imlnndlv vary when eieetroh'tea are .idded to ihe di'|ierMon medium, 
and, ns in otlicr ( oIIokI.iI svsti'ins, the iisiiai pltennineii.i of [ireeipitation 
and adsorption aie noticed 

In pri'ceduig jviges we have already iioti'd t he iip[i|ie,ilion <if (<dloi<hil 
melals In eatalvlK o|)euilions, but the stilling resi'iniilames of the 
colloidal metallic sols to orgaiio-i'n/.ymes aie most coiiv mringlv dcinoti- 
slraled b\ then hdiavioiir m the ealalylie deioniposition of h\ilrogeii 
pero’cide. vvlmlt siihjeet lias been mimitelv mvesligifed by Biedig and 
his eo-worlers 

Vi'FV small eoneeiitrations of the metal ,sol are able lo mllueiiee 
cut-alylleally the rate of deeom|)osition of iiydrogeii [icroxide .solutioius, 
Tims, Bredig obtained the following values for a minimum observabb* 
catalytic inlliieiice 

MO.il sol Uiliini'ii J (teou .iliuii {>ir 

I’t 70 lo" litres 

l'(i Itli II'" 

\m I lo‘ „ 


‘ /%/ IIHO 6 , t-IJ.M/ '('/ 
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Some t'olloulal metallic oxkl's were also observi'il to have a feeble 
cfitalytic influence. 

A high (lispersity in the sol is naturally a desirable feature for 
c'nlianced activity, as. under these conditions, the ma.ximum surface 
per unit mass of sub.stance is obtained, and, at the same lime, both the 
increase in the difTusivity and m the Ilrownian niovemeiil permit of a 
greater frequency of contact. 

This increase of Bn)wniau movement with increase in di.spersily 
is well exemplified in the following figures obtained by /sigimmdy for 
gold sols: 


ni.uiii ii'i III fi,, 

u 

10 

a.') 


\||||>||0I<|| 111 
^ 10 
:i 1 

1 7 


ilow far ultima(«‘ .siibciivision from Tiyt/i. the lower limit of the 
nltramicroscope, to molreular dimensionsO-iioiiii/i increases the catidytic 
uclivitv IS uneertam. .since no method of si/o ineaMirenienl for ifn’.se 
amicrons has yet In-en proposed, hbialitatively.however.it has been 
shown that tlie ralaiylic actnify of a deliniti’ quantity of colloidal gold 
in the decomjvosition of hydrog(*n jieroxide first ris<‘s and then falls as 
the extent of siiluhvision is ini reased. 

The catalytic action o£ colloidal platinum. The reaction kinetics 
of tlie decompositiiui of hvdrogeii peroxide by platimim. bolii in the 
colloidal and in sheet form, has bemi the siibj<-et. of niimerou.s investi¬ 
gations. Bredig’ and his co-wotkers showed that over a fair range of 
concentration the reaction proceeded according to ii iinimoleeular law ^ 
'riils t vpe of reaction is to be anticipated on llie dlllilsioii layer hypothesis 
of Nernst. N<n'es, Whitne\, aii'l Brunner.'* where the reaction velocity at 
a surface which i> goviTin-d in speed bv tie* ratio of dilfii.sion of the 
reactant to that surface, llimugh an adhering film, is given by 


iIt 

ill 


hA 

t)r 


{a- 




where I) Is the dilfiision coellicient, .1 the area, h the lilni lliicknesa, 
and r the xailume of solution. 

Tie* serious objections to this vh-w arise from tin* fad tliat the 
temjterature co<‘llicient is found to be relatively large, co-m 1*7 for HV’ 
rise. Again, the vigorous evolution of oxygen ga.s. as w<-ll as the rapid 
Brownian agitation, wmild he expected to moilify very considerably 
the comlitions postulated by Nernst for the e.stiiblishment of the 
difTusion layer. 

The problem arises in a new form from a consideration of tlie work 


' Zntirh iihifiibil I'hctn, ISIS*. 31, 2.*)8, ihid, 
37. 7a« 


^ y.eilvh phycilfil. I'hrm . 1807, 23, fiW. 


I!«»I. 37. 1 . llMl, 37, a-ja Hrr, 1004 . 
’ lU, ItKiO. 47. yi; \m. 36. 282. 



of Tcletow,^ who noted that the rate of decomposition at the surface 
of a rotating platinised platinum surface followed the unimolocular law, 
the velocity roiistarit being dependent on the rotation speed, in 
accordance witli the following equation : 

K-an'^ 


Tlic ti’tnpcrature coefficient was found to be 1-28 Tliese experiments 
have been extoiided by Smith and Rideal, who find that the reaction 
velijcity rises to a well-<le(ineJ maximum with the rotation speed and 
that tiiu tem|KTature coefficient for the maximum velocity above 
25'’ U IS 1 28, but H smaller below tins temperature. It is clear that 
the dilTiisivc hypothesis alone is by no means adequate to explain these 
limiting velocities 

If large quantities of jdatinum sol be employed, the reaction velocity 
is aiiparently somewliai gri'ater than iiiiimolecular, for the “ constant ” 
rises during the reaction Denham^ and MaeJnnes^ suggested that 
diffusion was not tlie limiting factor, but that hydrogen peroxide was 
ad.sorbed by I be jiktinum and that the reaction velocity was pro¬ 
portional to the adsorbed quantity The quantity adsorbed is related 
to the bulk concentration by the Freiindhch isotherm equation, and 
thus we obtain 


■ (a-x) ’ 


Tlie agremneiit obtained in certain casi‘s is excellent, as is o\ ideiit from 
the following figures 
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A Similar e.vproasion wa,s found to obtain by Blackadder* for th. 
deeoniposition of dilute formic acid at the surface of rhodium, and by 



‘ Hew. Hcidi'lluiy. IIIO'I 
* Zvivh phyaikal Chmt., lJi2, 81, 3B5 
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Siftverts and for tho deconipositioii of sodium livpopliosphito 

at a surface of palladium sponge Ii, is clear that in strong solutions the 
surface of tin* colloidal platimmi will he covi'n^d, at least in respect 
to its active area, with a unnn<»leenlar laver ()f livdrogen peroxide, and 
the reaetion velocity will thus h«‘ of zero ordiT (*ver a wide range, from 
the critical value, where almost oom|)lete saturation is attained t(» very 
strong solutions. Some of Bredig s data. (“sj)ecinliv in alkaline solution, 
conform to tlii.s law. 

On this assumption the marked divergence in temperature co¬ 
efficients between colloidal platinum and rotating platmisi'd sheet, is 
not easy to understand. It is imt neee.ssarily coneliisive that, tlie low 
temperature coeflicient of l-'JS for massive rotating platinum i.s in¬ 
dicative of a dilTu-sive niecham.sm It. is indee<l more probable tlial. the 
large temjicrature eoeflieieiil of 1-7 lor colloidal platinum is fietilioiis.''^ 
It is found, for exanqih-. that the n'aefion velocity is markedly alTecletl 
by the addition of alkali. Two (piile distinct elTeets mav he noted. 
If small additions of alkali la- made {(l-l millimoi pi-r litre). th<* activity 
is found to rise to a maximnm iiml then sink, the reaetion velocity 
still h(‘ing unimoleciilar, as is <-!ear irom the following table • 

I’t I'onteiit. o-ni niv /!iti'«' 
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On further ad<hti(>ti of alkali the reaction seioeity (amimeiiees to rise 
again, hut. the reaction is m>w of zero order. An o|)tiinnm is noted at 
O'Oda. It is probable that, the small aihlition.s of alkali in increasing 
the reaction velocity are due to a |iej3lising or di.sinlegniting action on 
the colloidal metal. A similar peplising aelion has been, in fact, 
observed for several snbsfanies. such as eliareoal ami other metals, 
whilst sheet platinum is reailily renderefl eatalytieally active by 
treating with relatively concentrated caustic alkalis. The maximum 
of di.sintegration is obtained at about 0-125 millimol per litri% sub.se- 
<iuent recoagulation oeeiirring with a iliminiitnMi in activity. Increase 
in temperature may well inerease rlisper.sion, resulting in the anomahms 
high value for the temperature coefficient of the reaction, fn strongly 

' Zei(*ch. jtiytilcttl. Chan, IHia, 91. HH) 

“ SciiUt. Ztii9rh. j)hynkal. Ckm., 19<i3, 44, 257 ; 81, 073. 
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.ilkalnii'solaflulls, sails uf hydrogen jieroxide are formed, i’// NaOOH,^ 
of which the ion OOH' would ajipear to be extremely reactive 

Tryhorn and Jessop' have examined flm cieeompoaition of per¬ 
oxide on colloidiil ciibiillie hydroxide and fiiiil a similar rise in velocity 
on the addition of alkali iiji to 20 millimols of ammoiiu per litre, 
an nptiijiiiiii being obtaiiusl at about !) 8 imiliinols of ammonia per 
litre 

These investigators have not considered the jiussilile inilueiico of 
aiiiitionia in |ie|)tisatioti of tlie active surface, hut .isenlie the iiierease 
III velocity to the following meclianiMii Hydrogen peroxide is assumed 
to be adsorbed at a rate projinrtional to the hulk concentration, cc^r^ 
The adsorbed lijilrogen peroxide is assumed to uiideigo partial ionisa¬ 
tion, cy PfJlO._,0 - fl, tile liydrogeii ion being removed liy a iiydroxyl 
ion III the solution The r.ite of sin h remo\al will be wliere Cj is 
the bulk coneeiilration of iivilrewl ions 

The aiisorbed 0^11' inns now undergo decompositinn, regener.iting 
hvdioxyl ions and ovcgeii atoms wliidi combme and aie liberateil at 
a r.ile a, 

II the fraction of active surfaces res|ireti\e|y iinoeeiipietl, covered 
with Oijir loiis and with peroxide moliTiiIes be and 

lenpeclively 

When a steads lale is reai bed, 

a,C|dj - t/M, y.fL. 
also tf, if'. I’d, I.’’ 

the rate of gas evolution will bc' 

|7,fT i)j 

2 ' d/ ' 


01 elimiiiutiiig d| and ,ind ue olu.ii 
2 dll 1 1 

Idtlyp.'x/a 

Wilting for 1 1 ec|ii.il to It - I. we oblam 


h <ll LA A 


(" - 


' , '‘s 

'u,c, aJ 


will! li agrei s w II h the experinientHl data 

The rate of surface decomposition of hydrogen [leroxide is probably 
iiflected l>y the nature of (lie plaliiiiiin oxide wliK h may be present on 
tlie surface Killer^ slates in fait that iilatimiiii Idaek freed from 
oxvgcn exerts no eatalvtu uctivitv on tlie deeompo.sitioii of the per¬ 
oxide Tlie eleitrolvlie oxidation of formic aeid likewise proi eeds at, 
and only nl, two detimte pofeiitiaK of llie eleelrcnle at wlinli definite 


* t'nlx r(, /i il«A ( /ctii I'HlI 38, MH 

>,/ ,s,.r, iwr, 187, IJi » )ti(i/ llKXl, 24. 919 
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oxides are assumed to he formed, indioatiug tw<) different reaction 
mechanisms for this surface oxidation }>roeess. The al)ru|>t change in 
the temperature coetHeient of the rati* of d(“eom[)oMtion of hy<lrogen 
peroxide at a rotating jtlatinised siirfaee likewise (akc'S jtlaec where 
one oxidt^ is converted into the otlitT. 

The effect of poisons on colloidal and massive catalysts has already 
been refiTred to (Chapter VI.) 

IJredig's valiK's for the inhibiting or poisoning inlluence of small 
quantities of hydrocyanic aeiil on platinosol are shown in the billowing 
curves: 



Fuj 20. 


wliil.'st tlie following concentration of ]»ois()tis i-aii be delerted liy their 
inhihitiiig inrincnce on the (lecompositiou of pero.xide of hydrogen liy 
platinosol: 

l>. .L .... f '. .r.f ..III I’ll t 1 .1,1 


1‘<i1mH). 

(oiii niinillMii. 

HCN 

1 : 20 . 10" 

ICN 

1 : :i . 10" 

I.. 

1 7 10" 

lik'i'i, 

1 :2r>. 10"' 


The action of <arbon monoxid'* is an interesting one. It is an 
active powm for culloidal platiiiiun in the deronijiosifion of hydrogen 
peroxide. Imt does not alfect mangane.se din.xide m organic eatalysts, 
Fnnjuently pciisoning is not absobiti*, and the catalyst is able I .0 
rec(*V(>r from p«)isoning and exert its normal activity on< e more, llredig 
ina<le the intiTcsting observation that platinum poi.soned with carbon 
moimxide is frequently more active, after its rec«n’ery, tlian plalinosol 
not subjeetisl to this treatment. 

Tlie elTect of poisons is also a ease of selective action. Tims 
hvdroxylamine and jmtassium nitrate poison ]iv<T catalase, aetivat/C 

‘ Sre aKo 'tMot. ZulKh. Clum., 46. «11 . Haw.Iiik. f'/iun. Z>’il , HW7, 31. 

926 : and Cha]'. 11. 
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u Hilvcr sol. and arc without artioii on jilatinosol II is to be 
cxjiected, as is imk'isl the case, that the halides, cyanidos, atui .siilidiidea 
.should ait as puisoii.s fora silver sol owing to the formation of a dclinite 
insoliihle film on the surface of the colloid [larticles The iioison itself, 
as 111 the ca.se of iodine, may also exert a catalytic activity ;)cr sf 
Brcilig has attempted to carry the analogy between colloidal metals 
and enzymes still further, pointing out that the j)reparation of mercury 
sol or that of manganese dioxide by the addition of gold or hydroxyl ions 
IS comparable to the Iransformation of a proenzyme into an enzyme 
The decomiKiHition of hydrogen [leroxide at t he surface of colloidal 
platinum is a reproseiilntivc example of reaetions taking jdace in liquid 
media at eollonlal siirfaci's The hydrogenation of organie siib.stances 



by eolkiulat iiiet.ils likewise presents |)oinK nl micrest m that otlier 
factors are involved 

We ii.ive nlnsidy noted tlie evideiiei' m f.uiiiir of the liypothesis 
that both liydrogeii nnd the organn substame iimlcrgmng Indrogena- 
tioii lire adsorbed at tlie surface of the eatafv.st ,im! the influence of the 
nature of the organic siilisfance on the rato of hvdrogmialion under 
spi'citied condition.'’ The elTect of Indrogeii jiri'^siire and rate of 
agitation of the solutihn on the re.icluni velocity have been investigated 
bv Ruleiild and itresent features somewhat akm U> those noted in the 
ileeompositioii of luilrogen [teroxide If refativ-'lv large ipiaiitities of 
active eatiilvst be )iresent in tlie solution, the rate ol livdrogenation for 
a feeblv agitated solution is found to lie a zero order reacrion We are) 
ill fart measuring the rate of diffusion of the hydrogen to the colloidal 
catalyst If the shaking I’peed of an useiliating hvdrogenution vessel 


Tm®,) tamd Sir, ll.’i 19. 1 
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be increased, the reaction velocity constant is found to increase as 
the si^uaro of the velocity of slmking, or 

S/ „ 

, every oscillation of the shakiT }>resents a fresli gas liquiil interface and 
the thickness of the liquid film round each particle is dependimt on tho 
rate of the movement of the particle. 

That the velocity of didusion of hydrogen governs the rate of 
hydrogenation wa.sconfirnuHl by the observation that sodium cinnamate 
and phenyl pnqtiolati* uiuierwent hydrogenation at the same rate. 

If the quantity of active catalyst in colloiilal suspension be reduced, 
in tbe particular oO-e c vessel eontaining 10 < .<■. of solution, to less than 
5 mg., the reaction insolulion proceeds more slowly, and (he solution 
iscoiiscqui’iilly not denuded of hvilrogen as rajudly as it can be supplied. 
For small coneeutrations of colloidal palladium, c.«/. 2 mg. per 10 c.c.. 

' the rale of reaction was found to be indejiendent of tbe shaking speed, 
tbe solution thus being saturated with liydrogiui. The reaction was 
again found to be of zero order, but tbe sodium plnmyl propiolata 
solutions ab,sorbe<l hydrogen at twice the rate that the sodium 
cinnamate .solutions reacted, Both these salts were found to be 
ad.sorlM-d by the catalyst. TIju.s, one must conclude that both salts 
uiulcrwcut reaction to birm tin* coinjilricly saturated sodium dehydro- 
ciuuamate at the sam<* speed, tlie treble-bond compiumd taking up 
2 molecules of hydrogen at tbe same speed as the double-bond cinnamate 
taki's u}i 1 molecule. A similar reaction has been noted by Hopkins, 
Morgan, and Stewart' in the case of the oxidation by methylene 
blue of byj)o-\antliine ami xanthine to uric acid at the surface of an 
enzyme, oxidate, present m liver tissue. When, however, mixed un- 
saturated substances undergo simultaneous hydrogenation we have 
noted the mechanism biTomes more complii'ated. A study of the lates 
of hydroge.nation of mixtures of these simple salts i,h evidently desirable. 

For fresh active .-ols t he reaetions ajipeur to be of zero onier, and, us 
iif the case of the d<*composition of hydrogim peroxide, we may a.ssumo 
that the reactant is selectively adsorbeil and strongly adsorbed, forming 
a ,saturafctl layer. Only towards the end of the reaetion docs tho 
surface cease to be saturated and the reaction velocity begin to fall off. 
With olil sols, on the otlnT liand, the adsorjitivc capacity is weaker; 
thus, the surface is not saturated even in strolig solutions and the 
reaction velocity curve becomes degraded to a form approximating to 
the unirnolccular form obtained with ililute solution.s of byilrogen 
peroxi(b‘ at a relatively inactive [datinum surface. 

Some interesting cases of rhythmic or pulsating eutaiytie reactions 
may be mentioned. Ostwald ^ direeti-d attrition to the, fact that the 
avolution of hydrogen from tlie solution of chromium in various solutions 


» /’roc. /i>y. AV., 1022, 94. 110. 


* ^tiOcA. jAynkal. ( him . HSI0. 36, 3.1. 
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was Hot It! a continuous stri'ani, hut camo olT in periodic bursts If the 
volumes liberated per minute were plotted against the time, a regular 
smuoii-s curve was obtained (Fig 22) 

Bredig and Weiuniayr,* in seareli of analogies with vital processes, 
were struck with the regular perioditity of tins reaction, and compared 
it with that of a cardigrarn, or jiulso curve They subseipiently noticed 



tliat a siniiUr nulsating effect was iditained in the liberation of oxygen 
from liv<lrogeri jieroxide when exposed to a surface of (■b>an mercury 
Ah 111 the ease of the healing heart, the rate of liberation of oxygen 
from the mercury surface is mfUieiRed by the aihlilion of small i]U,iiitities 
of various Mib.slaiiees, especially colloids, very small eoncentralions of 
liyiliioii or liydroxylimi, ami certain idectrolytch.siieh as sr)diiim aietate 
or .irnmoimnn citrate The extraonlinarv alterahon m tin'< luiracter of 
llie (urve on the addition of a Mii.ilt ipirintitv (*f ,unniiimnm iilr.Ue is 
well exem|ihfied by the following example 



1-a .':i 

It will he noted that the simple siniinii.s diameter of the curve has 
heon entirely destroved 

The enBymes.- The enzymes must he regarded as colloidal catalysts 
An in the ease of other lieterogeneoii.s reactions, the reactants arc 
adsorbed by the enzyme m order that reartloti mav ensue The cliief ami 
most remarkable eliaracteristic of enzvme action is their almost s|>ecific 
character, and the view must be adojited that, m the large complex 


7,cttach pAyoW I'HiZ, « COl 
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organic aggregate forming an onzyino jiarticK*, certain spctnfic groups 
are present to whicli the reactants arc attached. The “ tnolecnlar ” 
weights of the enzyme aggregates are large, c.|/. inv<‘rrit> is of th(‘ order 
of Ih.tUK) ^ to 25,(KX).- being comparable to those of dialysed albumin, 
33,(X)t), It IS fouml that I'li/.ymes an* slnmgly adM)rh(Ml by a variety 
of substances such as charcoaK alumina, fats, cliole.^iteriii. ami calcium 
olf-ate. The effect of such adsorption on the activity of enzymes 
presents several mterestuig featur»‘s In some cases; <’.«/. in lln‘ adsorp¬ 
tion of invertin by alumina,the eatalyfie activity of the enzyme is 
unaifeeted by adsorjUion : the reactive groups which play a part in the 
adsorption are evidently not those whicIi cause tin* hydrolysis of sugar, 
and which must be orientated in the solution in a direction away from 
the adsorbing ulumina. In other <uses adsorption n'liders the enzyme 
inactive or the chemically active giou)>.‘^ must he also plaviiig a jiart 
in effecting the union between cnzvim- am! rollotd.aml thus turned in 
towards the aiborlienl Pancreas lipase is inert wlien adsoilied on 
cholesterm and partly active wlien adsoil>e<l on aliilmna 

The inert adsorbing material may in some <-ases acielerate the 
reaction between enzyme ami naetaiit, a higin'r reaction velocity 
lieing ohtaim'd in the l)ydroly>is of fats h\ lipase when .substances like 
caleium oh'ate or mixtures of cab iiim oleate and all*imini are added.^ 
It IS possible in tliese cases to iniagine tlial ttie adsorbent adsorbs both 
enzyme and reactant, thus inc'-''asiiig the total renrlion velocity by 
augmentation of the “ hulk " colloidal ri’.iction with a Miifaee reai’lion 
in a manner analogous to the acceleration proiim ed Im chiireoal in the 
interuition between |)otns.s,nm iodide and ilihromaeids cxaimm'd by 
Kni\1 and van Dmii.’ The increase in the catalytic activity of calciu’U 
olcale on flic velocity of r< action between en/.yim- and fat on thi' 
aihhtion of aihumin i.s analogous to the <-ases of calalvlic promotion 
wincli we liave ijiscus.st-d. W'e nngtil regard the talcimn oh'ate as 
adsorliiiig the fat more strongly than the lipase Thus the surface 
action will not j»roceed at ilie o|)imuiMi velocity. Ily the further 
addition of albumin, albnmiii-caleinm oh-atc aiisorplion r-ompouiids 
are formed, on wliich Ifie enzvrnc is siroiiglv adsorbed b\ the allmniin 
and the fat by the calcium olcale 

It is miw generally assumed that the r<-aclion vdocitv in eiizyim* 
processes is deti^rmim-d by tin- concentration of atlsorplion com|)lex, 
reactant-enzyme, present m the system, a view first mlvam cil in definife 
form by Bayliss^and elaborated by Arm.str«u)g,’ Ni-lsoii,^ Falk,^ ami 

* Kiilir, Ziil-gfh. phijxihul ('ban,. 130, 

^ Zfil.vA. ('hem , Mill, 73, 3a.'>. 

* Ntlson an<l Hilclicock, •/. Anut Chtnt .SVx*, IHJI. 43. Ut.Vi. UillMliUn r uiwl Kiilin, 
Ztihfh physthil. Cb.m , IHl*!. 116, .VI 

* WillHlrttUT, Zntvh pbyiikftl. Chnn , Ulili, 126. IVl, 

* Rtf trill chitn., 1921. 40. 219 * limfbnn liSHi, 175, 1 

‘ Hoy. Soc.. 1913. 86. 379 ” ■! A"‘'T <'h>i„ Sur , 19|7. 39, 79". 

* The t 'bemisiry oj Kniijmi AeUonii, NVw York. 1921 
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othoj-fi Whilst, accoi(lirij 4 to Hayliss’s view, the s|H'('ificity of oiizyitiD 
iictioii IS duo to tlio s[io<'ifi( ,uid unontatod luihiri’ of tin* adsorption 
jirod’Sb, Alidorltiddi'ii and Kodor’ Itoliovo that tlio siihscquoiit 
ciilalytif- ami dostnir’tivo procc.ssos iiro spocilic, llio primary adsorpliou 
biung common to all enzymes 

The iilU’ration of the Iiydroceii-ioji conreiitration of the medium lu 
j'ciieral greatly alfocts the reaction velocity With impure and partly 
eoagidatod ferments, alteration in the I'h ol the medium may alter the 
disjiersity and thus the extent of active surface Wo have noted, 
however, that in ccrlain cases, ej invertm wlteii pure is unaffected 
hy adsorjilion, and for siii'li the alleratinn in velocity produced may he 
a* nhed to a ,s|ieciho I'lleot on the enzyme 

The reaction kmetics o! enzyme catalysis. Mioliaelis and Menten ^ 
first examined in di'tail the elfecL of vanatiuii of sugar conceiitration on 
tlie rate of inversion hy invertm at a coiislant acidity of I’u-A-C, 
till' real tion velocity is (uiiiid fust to rise to it luaxiinnm and thereafter 
sink with incrensmv sugar eoncenir.ition Jt w.is found that the data 
(oukl be e\prP 8 .s(‘d accurately in flio form 


where [iS’J is the eoiiceiitruLioii of free sugar, A', a i onsianl 

If tile original eoneciitration of feriiieiit lie <i ainl ,iii amount h 
eoinlimes witli sugar wlieii the hulk eomeiitralion <iF sugar ki*-i. ».■ 
obtain 1)V the law of mass action 

Kj. 

where K, IS the dissocialmii mnstaiit of (ho complex sugar-ferment 
liiiK'C the rejictioii vr-hnitv .nuiidiug lo oiii hypotheM' is priqiortiuiial 
to the amount rd complex luesmit, we oht.im 


>h 

(It 


K.h 


K 


. |S| 


33X wit'll i\ie cAisetved data 

A’, foi tlie eoiiijilex iiiverliii sugar is found to he (lUloT Tlu" 
\.due was confirmed at a later date by Jvuler an.l Laiiriii ^ hy diied 
iletenniiiation of A\ from l|,c relationship 


K .. f^^nzyme x siig-ar, concentration 
iKnzyme-^mplex] 

In many cases tlic products of reactilm are adsorbed, eg mvertm 
ai sor )s both cano sugar and fructose, the (dissociation constants of the 

I'l 'll 1. 1017, 2 74 , 1018, 2 V,] l!>20. 4 191. 1019, 3 l‘*'< 



two complexes k\ for the cano sugar-invert in and /vfor tlie fructose- 
invortin complex may he determined l>y measuring tlie initial velocity 
of inversion of cane sugar in tlie presence of varyitig amounts of fructose. 
If the original amount of ferment jiresent he« and h.and c be the amounts 
of the two complexes present m presenci- of amounts of sugar N ami F, 
we olttain hv the law of mass aetion 


liS)[u -h c] - A'.A 
1 Ajjfi h- r| - A' 


whence 




1^’! A's 

(<»■/> I) 


A,s’ 


When the velocities without am! with fnielose juesent are e and 
clearly 

r h 

//,■ 


VVli.T,' 

we thus obtain 


h: 


"l-M 


A'/ 


|A|A. 

|,S . A\l(r;.., 


hi this way the following values have been ohtained for iiivi-rtin ; 

A'i-iun'Miii'.it oolliT ] A' fnicfdw' o o.")7 

A'irlucox’ ooss I A' iiosa 


Effect of hydrogen-ion concentration. The laet that en/.ymes are 
\crv stoisitivc In changes jii llic liyilrogm imi cojk'' ntialiDti ol the 
nwdiiim was first notni hv l.orl.' and invesligatrd m <lrlail liv Mieliuelis 
and Davidsohii.- If the aitivily of an eii/.ynn reaelant sysli-m lie, 
jilolled as a function of the I’n ot the soliilnui. it is notrd that there 
exists .1 well (lehned maximum of mtivitv falling as the solution 
becomes ini>re alkaline or more acid 

fn the case of the system saecharase-siigar ^he velocity decreases 
as tlur solution heconifs more alkaline from l*j[ To and r-eases at. a 
Tjl of m. 0. Th(‘ form of tlie i iirve, activity - Pu, is similar to that 
cxhihited for the dissociation of a weak acid, being expressihh; in lh« 
form 

K possessing the value for this particular system of 2-10 

This alteration in the activity with the Pn may readily be interpreted 
on the hypothesis that the enzyme fiossesBcs an acid dissociation 


4- 


* /.’..W.OA . l'.K»;i. 10. oU 
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oonsliuitof value A'=2-]() I and that the lonio form la catalytieally in¬ 
active, the iiiidis.sri(;uti'(l molecule aloiic possessing catalytic activity. 
Ill (ases vvliiTe bases decrease the activity, the hypothesis of an 
arnpliotenc eiixyme may he advanced 

.Since, however, the form of the relative velocity curve at constant 
P][ alters in a similar maiiiuTWitli alti'ratiou in the siiaar concoiitrarioii 
(sec anle), the combination of the two factors leads to the expression 

Yeloeitv^ — 

' 1-^N/A, 

\vlieri‘ K is tile and dissociation coiistiuit of the enzyme and /k tiiat of 
tlie eoiii|ilex, siigar-eiizyiiie 

it IS found, however, that tlic voice ily is at a I’n 0 7 independent 
over wnl(‘ variations of the sugar (oneeiilratioii an expenmenl whicli 
easts some doiiiit ii|)0]i tin* validity of the above ussuniptloiis 

Kuhn ' coiieindes that tiie anioniil of c oinliinatinn between enzyme 
and sugar is iinalleeted by a change in the ['n.aiul that the diangeiii 
velocity IS to b(‘ ascribed rather to the loiiisatimi of the mmplex 
Kneeluirose-saceliarasc, which lati be regarde<| as a weak acid, the 
(leei)m|nisitioii rati' of whn li is atlecLi'd by its ionisation 

Killer ^ finds tin- dissoeiafioii eoiistant of the I'li/.vine iiiviTtiii to I.e 
A’, - 10 ^ whilst the dissociation eonsliini of the cninplcx, iiivertiii- 
siigar, IS A, - d 10 ’, they are llms hotli aeids of tlie same htrciiglli 
Sugars, iiei-ordiiig to Killer, ari' likewise sligidl} dbsoc i.ited as acids 
and us liases, and their lonisalioii niav <ilTefl the dhsociatnui of the 
eiizjme and the enzyme-sugar eoiii|ile\ In geiier.il however, the 
siigiirsareof iiisigmlieiinl strengl liand llieir nuilnhuliunof livdrogeii loiis 
may lie negleited (A'^^ii^i- Ko'’’ foi s.ii'c liaro.se and --eu id '”1 
Aecorcliiig to tins view, the reaction vdoeilv in the system is 
pro[n)itional to the loneeiilralioii of llu iimlis'oci.iled lomplev sug.ir- 

en/yme, witidi is to he regarded as a weak uc id or - /\(//A'.S') 

Tlie following eipiilibna exist m solution ecnitaimng hvdrogen nms of 
aelivilv III), enzyme !•' ami sugar S 


(1) 


l//A|l.S’l 

|//A.s'| 


- A. 


(3) 


IH10 , 

|«t1 


(S 


111 I AS" j 




Killer assumes that iii the regions where the K, apjie.irs to be 
imlepeiident of the !'», A’, ^ A’.' or the sugar possesses the same aUiiiity 
for the iindissociafed enzyme as lor the ion of the eiizvme Jleiice it 
follows also that A’a- A',/ 


’ /.f/flA jVi./.il'i/ <‘hnn , lllJJ 125, 1 
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Tho total <[Uantilv (/’) ««f^!vic(liariiso prosiMit aivonlinjily ' 


wllfllCf 


A [lIHl-s’l ■ A.) I A„(|.s|, A,) 


Till' pi'Fi'i'iitagi' (listrilmtion of fiizvim’ ui an O-J molar su^ar solution 
at 1*11 from o to S in tin' various foriii" lias hccn calnilati-il liy Ku!<t 
with tlir following results: 


\HKS\ ss 

\KS-\ L'U 

|///vl Ol’O 


I’.'.i 


UH 


In man\' rases I he arid luIl^ alone are not i he only elfei t ive mizvines ; 
finis, we timl that pejiMn alt.nks .illnimin in the latioiiie form hut 
IrvpMii thi' anions of tin* proteins It wonhl seem po^f.|hle that ,som<' 

eiiZMiies mij'lit attaek protein^ most ieailil\' at the ..leelne |ioint 

where the aelil .uni luiMe portions of the amphoteric protein are hotli 
eijualh ih''soeiateil Thus, we tind, aeiordm,!! to lletl/tnann and 
lhaillevd that pepsin attacks ovalhnmin most leadi!) at its isoelednc 
point 

I’hiler lias made ‘ tnaiiv nilerestino eoiiiparisons hetween ihe 
catalvsts invi'rtin and hydroehlorie acid in the inv<‘ision of eane su^ar. 

Since tin- basic dissociation eoiislant ol eane siipar is ipf tin- ord<“r of 
Id the eoiieenlratioii of lomj'iex ] 111| S | in tt-l normal IK'l will he of 
the order of Itf** 'I'iiis '>lri’n;jth of arid is eipn\ah'iil in in\iTlin|» 
pouiT toad-ti Ml molar sohilmii of t In- i‘n/\ me. \sliieli \ nd'K a siihstnilc 
en/vme eonci'iit rat ion of 1/:’II <S) ()•.*) |d Tin'allimty eonslunts of the 
two complexes Iteiiie ]() *' anil o<i respeetivcK, it will he noted that tin* 
coneentrationsof act i\ e eom|>le\ are praef leal 1\ ideni leal, heiiiji produced 
in tin- case of tin- amd h\ a liijjli i onceni rat ion of ai ni wit h a low allimty, 
and 111 tin- case of the eii/vmc hy a small coin e|itratmn ol '-ii/vriie 
possessing a ereal aflimty 

The tcmja'ratiire cocthen iits of the two reactions arc also marketily 
different: tin- eMcr}:y «>f activatipui is fmiinl f<ir acid in\*Tsion to be 
2od><X» cals ; for inversion f>y the enzyme only, hldd cals 

The reaction velocity of enzyme actions. In niaii\ cases Schulz's 
law^ is found to he ohc\<‘ri m enzym'- ailmns. Many jirotein.s are 

‘ I'rof. Awr Sf-f liirJ I'hfm . t8. I!* 

* Znf-<-h ).hy<iknl , I'.lOlt. 32, m . ll*0t. 36 l.d . mi. 47. Z>il»<h., 

lyi‘0. 107, IHU 

* Zaixfh. jihyxikii}. ('hrtii. 18S.'>, 9. 577. 




(396 CATAlfStS iS THIiOKY AND PR'i'&i®'*'7 r„ 

readily hydrolysed'by iiepsin at a rate (l'‘|iend(‘iit-on the quantity ni 
pepsin present If an amount a: of protein is hydrolysed during a tmn 
i by an amount of pepsin it ts found tli.it j:=/{v'tan(l x-K'\ (* 
as the time or the enzyme conceiitratjoii is chosen as variable .i 
combination of these two leads to Schutz’s law, x - K"\/Pt 
On sqiiaritig and diftereiitiatiiig with F ,is constant we obtain 
dx_K 
dl~ X 

Tilts law, as pointed out by l>angmiiir,^ follows immediately from I In' 
ttssiimptioii that the prodiiel of hydrolysis (H) is capable of displacing 
the adsorbed reacbint (.d) Tints, if d be the fraction of the surl.ice 
covered with the reuctiint, the rest being covered with the produet 
of reaction, cquilibriiiin belweeii flio rate of replacement of leactaiil li) 
the j)roduet is attained when 



I Vj, I J( 

whiidi IS Siimtz's Ian \s exaiiqde may lie cited the data of fferzog- 
011 (lie liydrolvsis of eili\| ,i(r(ate liy a lipase present in pig's Incr 





coixoEDAicAfiiiiiiis''’ 

and C, (?, F bo the concontrations of tho tliroo sugars, thou, according 
' to tho law of mass action : 

(1) C{F-F,-F„-F,)>-K,F... 

(2) G(F-F,-F,- Fj)^-K.,F,„ 

(3) 1{F- F, -F,,--F,}~ K/F,. 


From (I), (2), and (3) we obtain 

..F- f„- Ff 


(4) F>-f’ 


and writing 


C I -Ik 


F, F, 


K, F 
A’/(” 




we obtain 


I I 
A',' A., 

F,i F. K.^/l-F.. 

vSinci' tlic vcittritv i'i }tri)}«'rtn)n.‘\l Iff f’,, \vf niitain 

ih „ FV 

ill ' 'r ^ AM! tf/f)' 

If j mols t)l sugar art- liyfiroiyscil. r mols. of glucoso am! frin-tosa 
a|'|H‘ar. Hcii<<’ 

fh a f j- 

(ll <1 ■■ X {I\. (1 -i 7 /) 

On intfgration wo obtain 

I\'l (1 - K,<i]r - A',(I I aq) log {n ./) \ consliint, 

Wllfll T ' (), / - () 

lif *ru'(' tin* (.•oiistaiit is 

A’,(l i ti<i) log (I. 


Tliii'' A'V A',(! * f/ 7 ) log 1 (I 

n r 

111 I , , fi x, \ 1 I \ /■ 

.or I K/ log -*, /•-»' /' '' 

r a hf A„■ 0 X I hr h, A„ 

It is 'deaf that if tho alliniry of tho produrts for tlif f;nzynn! is tho 
aamc as that of the reaetant, or 

; I 1 I 

I . kV"k/i<,; 

|the second term vanishes and we olitain a iiniraolecular constant- On 
^e other hand, if the affinity of the reactant for the Biil3alrate is 
Stremely large, the first term becomes small relativo! to the second, 
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readily hydrolysed liy pepsin at a rate dependent on the (jiiantity of 
pep.siti prr'seiit If jiji aiiioiirit X of protein is hydrolysed diinne a lime 
I hy at' amoimf of i>epsiii it I8 found that and 

as the time or the enzyme concentration is dioseii as variable, a 
comliination of those 1wo leads to Sehiitz’s law, s-K"\/'h 
On squaring ainl dilforontiating with I' as constant «e obtain 
ill K 

ill X 

This law, us jiointed out hy Langmuir,' follows imnmli.itely from (fie 
assniiiption that the product of liydrolysis [B] is capalile of displacing 
tile adsorbed ri’iutant (d) Tims, if 0 hi* tlie fraction of tlie surface 
covered with the renrtant, the lest liciiig roviTed uith tin' piodiict 
of reaction, equilibrium between the rale of replacement of reactant by 
tlie product IS attained when 

a/(p/j^=-\/ If 

M(1 

, I V'/( I 


whii'h IS Scliiil/’s law As evanipie may fie cited tlie data of Herzog ^ 
on till' hydrolysis of etlivl aeelafe by .1 lipase present in pig's luer 



The more general I'Apre.ssions for en/vine reaehon Aehnitics have 
been elaborated by Micliaelis iiiid liis eo-uorherN oii tlie assniiiption 
that the leaction vehxitv is proportional lo the quanlin of eii/vnie- , 
renelant complex [iresent 

, 111 the case of tlie inversion of canc sugar by .sm charase, yroduiing 
^j'080 and fructose, we obtain the follow mg ex[>res,sions 


= total amount of enzyme present, 

] amount of enzyme case sugar complex of alfimtx eonstant AL, 

‘ ~.glucose complex of alfimt} loii'f.int A',. 

,, ,, frurto.so (omplex of aftinity eonstant AL, 


I .1 \>urr I A- HI ,sv, nils. 38 , Z'J'i.' 

Iht firm uaii ihrt iUrlaiiijrit 4lli rdiimn, I'll.l p I02J1 
’ Orisiilmuioj'. 




xitf- OOLLOIBAL CAWitSTO " 



and C, (1, F be tht conopiitrations of tho tliroo sugars, tlii'ii, according 
to tilt' law of mass action ; 


(1) ('{F - F,.- F„ - A,)' A',/',., 
('.>) G(F-F..^ F„-F,)-K.,F„. 
(.')) 1{F F,- F,,- Fj) F,F,. 

From (1), (2). and (li) wc obtain 


,, O „F-A', AV ,,A'rA' Ar„ 
H) A,.-r F, 


and wrifiiij' 


wi* ol'laitj 


I I 

A, ' A\, 

F.,^ F, A',^; A’, 


SiTH'c liic wlncily Is j>n)|«>rtioiial lo "litain 

f/r .. /V' 

M T I A-,(| H/f)' 

If ; imils *)1 su|<far an- liv«Irolysi‘il, / inuls. of ”1 u<'<)hc ami fnictosi; 
appear Hem*' 

<l.r If X 

(If ^ II - X ! /\,(i -1 ijj ) 


On iiitc^ratiu)! \v<* ohtani 


A’V (1 - A','/)•'■ A',{l -I a//) (f/ - j) I fMiiistant, 

will'll f (*. / - 

IlriiOi' llir cnnstaiil i.s 

A'.fl i If'/) l')>; 


AV ' A,(l ! «'/) ^A',(/(r 

II I I , , a ' t. ] I I , 

.or J • „• )if I I .. - r ' f ! '' 

t a l\f A , o r t hr A/ A,, 


It is clear that if the ulliinty nf ihe prodmtH for the cn/.yine is the 
same as that of the reactant, or 


1 I i 

K. Kj' k; 

the second term vanishes and we obtain a iininioleciilur constant. On 
the other liand, if the affinity of the reactant for the siihstrate is 
extremely large, the first term becomes small relative to tbe second, 
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ce 


and flic rcinfioti lioriitncs on<* of zoro onliT Micliaclh^ obtained at 
at P|i ■ I (i the fol|(<wiiii'valiios 

AV--')n|(.7. A>U(nH, A>fi08'», 

2:ili3 fi 32 

uliciiee ^ (I-I'iHf?) lo" - I 

Tlio V'aliii‘« olitaiiiod foi l( ,irr {'iveii in llie fullowiiio (atilc 


<' III no| nils K 

II .11 DIM.l'l 

illiiT 0llt4.'i 

'lovi:; 1)011)1 

OOtl'i IMI4-ir) 

0 020S 00(74 


PoisonuiR of enzymes. Wo liavo noted that Pii):ymc.^ m eonimoii 
wiHi colloidal metals, arc t‘\Ucine!_\ smi^ative to |)oisoii;!, winch are 
iKisorlii'd on the surface The ijiediaiiisni of [loisomii^; of eii/yines lias 
lii'cii inve.Htii'ated m delad bv Killer and liis lo-worker.s - The folhnvitie 
data showed I he ellei t of addition of men line ( blonde to a .sidufmii of 
lid e e iS [icr Cent siii^ar ) Id c i I per cent KlIjTft^ I -1 i c contamin}' 
fit) me of invertin 

Iki U .iilili i! in^ lltUioo \( III' if\ ()i |[i\t.'rsiiiii 
0 IIKI 

oo( IIKI 

0 01) Ts 


0 ill JO 

Olil s 


The iidsoiption in IIih nise !> peifcitK r'aer--i))li' ,is uas shown by 
the almost <om|ilele reioMn of iho .uiiMtv of ilte incirtin on the 
addition o| hydro('('ii sulfilndi' In the sinie maiinet il u.i' found that 
the activity of a |))irliall\ |ioMine(t en/Mne (otild In restoied he the 
adihtioM of inoie cane siie.ar, the two adsoi[ilion i oni|)ouiid.s iiui'rtiii- 
siijiar and iincrtin-iiierciirie mn, (omtietinf; lor om unotln'r 

In tlie followiiie table are cited tin' lom cut rations of tnen-nne 
chlornlc iicii'ssarv to icdiiu' llie ailniii of an Jinertiu 'olntion (o 
definite fiaelions ol its initial acfniti in the [ircscrnc of v.irviiig 
roiiceiilntlioiis of ciiiie sijear 


Mil llt!i 1, Miiiirol ID nvIiiM till VitoiuOi 
'll!",, . ID",, t III till flllll.ll \ jIiIi 




' hr III 

• hnimilfor^htti)'/ injo, 3 llii /.ninh iihi/^ihil ( Aiim. lyjJ. 121, 17*, /.tiMh ftp 
Hcrf. Ilijn, 33. 4»3, Ikr I'lJJ. M 111- 
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Silvi'r salts are even Jiiore eOieaeious than mercurir* eliloride ii» this 
respect, and on the assumption of f(pjivalent eomlnnafion between 
silver nm and enzyme i07*8 grins, of silver are bmiid to iimetivate 
4(KX)-5(.KX) grins, of saeeharase. 

Whilst copper ami lead salts are less etleetive than vsiiver, they 
a]ipeur to behave in a inarmiT similar to mercury in that inereasing 
concimtrations of sugar lowers their (o.\ic ]«*wer. Silver, on the other 
hand, IS to be distingni.slied from the.se salts in that eaiie sugar exerts 
no protective action for silver pois»mii!g. a result which lemls to (ho 
coiielu>ion that the ferimmt is mu p.irti'd between the sugar ami silver 
ion but that tin* silver reacts with IIk- ci>mplex ferment sugar. Various 
orgaiiK' substances .such as amline and tlie alkaloids likewise elfecl. 
reversible poi.soniiig : ‘ the iiitroplienols, 4Ui the other hand, poison in an 
irreversihle manner, forming <'ompoumls whieli no luiigiT di.ssoi-iate. 


’ Hl«n!i ami Huxli'in . I'.llll, 118. isa 



CHAPTER XIV 

C.nAl.UlS I\ OlUiASR' CliKMifeiTKV' 

Till'; (illKINAP.f) Ubaoknt 

Till'; use ut ur^ati'i-mof.illin i ohiihhhkIh iii i)r!;;aiii(' 8yiillii\--ift mav bi^ 
siiid lo (liU<‘ froiii till' tiinc of Krankiiiinl ^ ami r.iliours," hut. il was in't 
until J;iilir iMit.iti'd iiiji^m'siuni dmtliyl in iH'ii.i tiiat the d('Vi'li>|iiucnt 
Ilf sjiillii'fii iiinTiitiiiiis liv iiiciin.s Ilf flii'sc ri',Incuts InT.imi' ;ri‘TUrally 
])iissil)!(‘ 

In Klcik |H‘lfoiiiii'd llm lirst syntimsm with tim new rcayi'iit, 
(•(iu\nrtin}i an airly! diinndr inln a Irili.nv .iliuliol 
I) ('If^ 

liMrffTHPaClHC' I t’lf, 

ni, 



(rfi,),i('ii,(Mi'(Oii)^ 

(' (111 

Baibin, III 181)1), sliiiwrii llial it was nniircrs'.iin to I'olair tIm maj’- 
nrsinni alk\h foi sviitlir^is Thus, an aldi’iiidr unild hr (onM'rtcd 
into a sri'omlaiv aliidnd bv intrraitiini with iinirtu'.siiim |imvdrr and 
ail alky 1 lialidr 

IT K, I'll, 

('-() 1 Mya (T1,I —> •(•; 

II II OMyl 

I 

I 

H ('ll, 

'V'x 

H m 

+ My(OH)l 

41)1) 


•l«m/o,, I81') Tl, 


•“ I iM.jii nnH, JHj'.l, 49. ItiO 



!^'(?rignard, Bftrbk*r's pupil, made Uif' intorosting discovery, n year lat^r, 
i^at ether acted us u catalytic agent in tlie process, and that when this 
agent was present tlie reactioj^s proceedeii smootlily i\iu\ good yields 
were obtained^ 

All the luefals ol the uneven aeries of the MendeUVit table yield 
organodnetallic eoiiipminda, with the exception of copper and silver, 
whilst calcium, potassium, and iitliium of the e\<‘ii series also form 
similar coiiijKiuiuls. Ni*V(*rthele.ss, with the <*xception of (in' calcium 
alkyls, suggested by Beckmanii- in ItKC). iniignesimn is practically 
exclusively em])loyed. 

The meclianisin of the tlrignard reaction has not l)e<‘ii definitely 
settle*!, (irignard liiinself showed that- an a«hliti\e eompoiiiid was 
fornu'it with the ether, MgUXttyijljO, and sugg'-hted tlie slruefiiral 
formula : 

(Ul,, MgX 

<yi^ 'H, 

in the fnnii of an o.xonium conipound Ibiever and \'illiger siiggi'sled 


as altenialive . 


AI|;K 






w. 

compcirabh- willi 

•yij 

Cl 




<yi,. 

' SiiCI, 


T.scl]elin/,(fT,~ ill llHi.), isolateil MgItX by performing the opc'ialiiin in 
bcniieiie solution, using a trace of (‘ilier as eatalylic agent, and studied 
the h<‘al of foriiiation of the ether niagnesiiiin alkyl halide eoniph'x. 
He obtained tlie rather surprising ri'sult that appareiillv 2 inoleeules 
of ether took part in the n‘artioii (f’jlI-Mgl 1 Kt./) (i-bll kg cals 
C 3 H 7 Mg . iKt._j() + KuO ■ rehri kg. cals.), iiidteulnig tin- I'Xistenee ol a 
secondary oxoninm liiikag''; 

‘Vk,. ,Mgl< 

H); Mg^^X (t ' 

''X---<) ■ or ‘.or 

rJh i\ll/ It 

Tertiary amines also eatalys*- the reaction and presumalily form 
complexes : 

It- .X 

It. R'. R". N f MgR'" . X ™-> '>N^ 

iV'" I K'" 

R" 

' ComjH. rctul., IIKX), 130, 1322. * //.r, l[Kl5. 38, fK)l. 

2 u 
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It IS evident that isctners may be expected on either Baeycr’s or 
formula, the Gnpiard structural fortiiiik, however, is 
usually adopted, since it indicates more easily the various reactions 
wliicli may lie [lerhinned with tlie reagent 


The h'KiKi)Kr,-(k.\KTs Reactios 

III 1H77 Kriedel and Crafts^ sliowed that anhydrous aliimiimmi 
chloride was an extiuorilinarily elTective cdtalytn agent for bringing 
about (oiideiisaliniis of tlie type 

i KX + (AlClj) CflHs - It t HX, 
whi're RX !s ail allvl halid<‘ 

The reseuidies of .liienbson kind of Ansehut/.^ have shown that the 
riaelieii IS reversible Thus, if hydrodilonc aeid gas be [lassed into a 
iiiivtiire (if lolueiie and ahuninmm chloride, beii/.eiie may be iibtaiiiod 

Siiiistilutum iMi.diy proceeds further than the stage mdieafeil aliove 
'I'lius, fioin Inm/eiic and nu'tlnl clilorule in cxeess, melhylation of lliu 
lieiiseiie Ping ean proceed to loinpletion hRin when the proportions 
necessary for the preiuiration of toluene uie taken, the yield is far Irom 
(heiiretual and the pvoilnet lias to he Ireed by fraelioiialion from the 
\ylenes and mesilvleiie present 

At highi'i tmnperntmes the uromalu hydrocarbons ben/etie, or 
naphthalene will le.id, undergoing a [iroress of dehvdiogeiialnm 
(see p 2H,'5j Thus 



and, as shown by Miss Homer,' these i liaiiges t.ikr place much more 
readily wilii iiaphtlialeiie 

2 i I 'j - s (■ „ti, (;,1R 

A similar reiielion lakes ])hue with the acid eliloruh's iii jireseiice of 
aluinmiiim (hlonde, forming ketoims, 

II CO CU(UCl,)eC„lk--yR C(i I’dl-H\1<’I,) klCl 

I'tilising curhtmvl ehlonile ami siibscipieullv siihmiltiiig the acid 
ehlonde thus tormed to hvdroivsis, acids univ similariv be prepared' 

coot, t Aid, t coon 

Tlie method was extended by Oaltermiinid to the preparation of 
aldi'ludi's by [>asMng a mixture of dry hydrogen ehlonile and carbon 

‘ lUr. I'HV) ag toll 

■> Do , ISS,'., 18. U'l 


> It;i:rj(| 1x77,84 IVI^ 

' IM . |R8.'i, 18. In'.' ‘ .liinatfx I'JiH'i, 347. 347 
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monoxide into benzoin* in tin* presence of aluminium chloride or cuprous 
chloride: 

(yis-t rO-eHCl + iAU’L) --^(VIs.CHO + IU'I ffAicy. 

Anhydrous ferric cliloriile. cuprous chloride, or tin* finely diviih'd metals 
such as zinc, copper, aluminium, or amaljjumatcd aluminium have all 
been sufr^ested as aiteniative catalytie ajrents, but, with the exception 
of cuprous chloride use<l in (lattermann’s rt'action, they are ail less 
active than anhydrous aluminium chloride. 

The mechanism ol the reaction. In I'dOl Pcrri«‘r isolated from 
the interaction of aluminium t'hloriile and an acyl chloride in solu¬ 
tions of carbon di.siiljiltide crvstalliiie compounds of the formula 
R.l’tt.t'l Aid,. whii.Hi a year lal<’r K'lllcr showed l»y cryosci>pic 
measurements that these molecular (vooptMimls were complex, having 
a molecular composition (H . t’tt. 

Sl<Tle* svsfcmaticaily inrc.-^tigatcd the kinetics of flie reaction. 

A stream of dry liydrogen was passed through a t<*Iuene wa-sli-bottle 
into a reai tion mixtun’ «d benzyl chloride ami the catalyst (aluminium 
chloride or feme chloride), the rale of evolution of hydrochlorie acid 
in tlic gas .'tr<-am being measun'd. 

The ratio of cataivst to benzyl chloride was varied within whie limits. 
If wa.-' noted in fin* pn-paration of hydroearlams that there was a small 
pernul of mdiainm, the s<ibitioM i*eeomnig of an uif^-nse orange colour 
suggi'sting file formation of a eoiui>le\ (t', 5 llr> • • AH'L).^, 

With ferric chloride the period of imluclnm was somewhat long(*r. 
Tiie reaction then ptocccdis! uniformly acj ording to a uinmoli'cular law 


until alxiiit 2*) molecules of hvdrochlitrie. acid ]H'r imdccule of aluminium 
chloride liatl been evolved, after which tin* reaction ceased. It appeareii 
that ihe primary ft»rmation of the complex . ^dinlaAhClg took 

jilacc .somewhat rapidly, ami that the rate of deromposition actually 
measured was that id the comple.x 

H\\l, (’Il,)(;H5.(T!2<’lAld3^:'^ Aid, ) Md. 

Aluminium chloride is thus a true catalyst, Imt is remove*! from the 
sphere of action by a gr<*at cx**css of the hydrocarbon produced. Kcrrie 
cMorhlc retjuires a still greater excess of hydrocarbon \(> effej't its 
removal. 

Steele's investigations on the catalytic activity of the anhydrous 
chlorides of aluminium and iron on tin* condensation of toluene and 
benzovl vi<*lded somewhat ditferent results 

With a molecular ratio Aldj : (. (’0 . d varying from Odjo : I 


./. fhnn. Sof.. I00;i. 83, H?". 
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,0 1 3 ! tho ovohition of hydrochloric acid was constant for the first 
■cn minutes Suhsequently it followed the uiiimoloeiitar law 



or a short jtenod and {innlly ceased 
With a ratio 2 3 1 the ratio of decomposition ap[iro.\imiitos to 
that of a laniolecular decomposition 



These results are e>plieal)le on the assuin|>tir)ii that diinnn the lirat 
ten minutes the complex was present in excess rd its solubility, ; c the 
I'omeiitration in the solution of the decomposing' complex did not alter 
for this period, and coiiaeqiieiitly 



or the rate of evolution of hidrou-'ii ihluride, would he constant 
Siihseqiienlly, in the presence of small amounts (if catalyst, dci oniposi- 
tioii of the ('ora]tle\ |)roceeded in the iinrinal niiinmr, the aluininiiim 
chloride hcint; reiiioveil molei iile for luolcrulc l>v the n in lion [iroduct,' 
the UtOlie (’,,llj ('<1 t'H^ (',dl. In the pieseiu'e Ilf rdilueh larfi*' 
amounts of alnmmium eiilondc, it must be a"umed tli.it tlie loliieiie 
will also form a (omidi'x willi the eatahst, ,tml lliat the rate of inter- 
action of two aintniimim < liloride c(im]ili xes is lu inp measured 

{<Vfs (’() (1 I f’ll, \l(1d 

It will be, noted tlint m tins case llie (ataly-l i' reiiKixed moleiiilc for 
moleeiilc by the Teaetioii prodmls. wliiKt m (he (ase of liydiocarlion 
synthesis tlie eatiilvst is only removed liv a larj'e exiess of the product 
of tlie reaction (Uddselinudl and Larsen* sliowed that the loii- 
densatiou of lieii/yl ehioride and aiiisol was a reaction of (he first 
order, and continned Stcide's oli.scr\atiiiti as to itie pureK catalytic 
function of the ahiniiuium ehiondi' 

That alumnniim chkiride can form fairly stable complexes with 
hydrocarbons, as was augfcsted iiy Steele, has been shown to be the 
case by the researebes of tlustavm,'^ who has isolated dctinite comj'oumls 
such us CgH, AImCIq 

Anollior application of the catalytic aotnitv of the halides ol the ■ 
elements iron alummiiim, and copper is found in the Sandmeycr 
reaction, in whicli the halides of copper are utilised to efiect the '' 
elimination of nitrogen froib diazn-compounds, thus 

CyI5. N/'l -t Lujt'lj - ('I t Nj e ( \i/ 'I,, 
ty[5 NjCl+l''iijnrj=tyfjBr + N,+(’iijBrCI 
' Zf>t»k ijhi/<iiai csnii iiHu 48 . no 

* {’urnfX irni/. ISOA IS# m'‘. 100M«.3W 
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Aldkiivdk Condbnsatioxs 


The aldol condensation. The eumli'iisution of iihiehydes and other 
reactive conipoundA containing! the. j^rouping 

X 

N’-(\ 

V 

where X and ^ are hyilroearlum radicals whilst one may liC a hy<lrogen 
atom, was lirsl investigated by Wurtz.’ who showed that aeetsildehvde, 
on standing, slowly polymerised into aldid. This eondi'iisation can 
be eatalytieally Im-'tened by the addition of small (pmnlilies of alkali, 
sindi as eaustie socla or potassium earbonale, or of* aeids, sueh as 
hydrofldorie aeid ; 


.0 0 .Oil 0 

‘■H,.0-, >n\, (\ > 

It II ' H ' ll 

II vilrow niiili'iij >ic. 

At somewhat more elevated temperatures, and in tln' presence of eerlain 
calalvsts. espeeiailv dehy<lrating agents sin h as aiilplmri»’ aiid. zinc 
eldonde. or aeetie aidivdnde. llie ahlid eondensation prodiiel, loses 
water to ftvrm a erotonaldehyd*' eondensatKOi prodiK’t, thus . 

Oil O II 

<’ -y cn,,.!’ -CM .{' iHjd. 

il II II II 

CrtilMiirildcliViIi-. 


liakidites, being pn)diiels of the fonderisation of formaldehyde and 
jiheiiols <uiil now extensively nse<| for elertrieal iiisnlalion pnrpos(*s, 
are 1 lie result of such a senes of aldol an<l crotonaldelivde coiideiiHations. 

t'laisen ' has made I'xtensive use of dduti* eaustie soila as eafalytic 
agent in tins reaction, 'riiiis. synihesis of erytliro.se from glyiadlic 
aldehyde pnn-ceds snioolldy in }ier cent. Ciinstic: soda solntjon : 


OH O OH (111 

HjO (' 1 ! 0 OH ,011 I ^0 

'■II IRC (■• ^ -> .(;-(/ c -(:/ . 

II 11/ II I u 

ICrythniHi-. 


Aldehydie and crotonaldehydic condensation may of canirse continue if 
the aldol condensation product still contains the. groupings 
.0 

—(-•" and —(.’H^. 

H 


• l umpt. Tf’nH.. tS72. 74. !3lU. 
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TIiuh nlili'liydc resins dlitained on Innling aeetalilcliyde witji potash 
are doiilitiess <i[ this character Euiliorn and Diehl* isolated two 
prodinls of coiKieiisalion fioiii lienzaldchyde and a<'ettt!deliy<le 

(yis CHOiCHa CHO UH (Jll CUO^HJO, 

('ll CH CHO + CH, CHO Cfl (!lf CH CH ('HO 

Witli tlie liigher alijihalie ahleliydes oi wifti the uhltdiydn gron|)ing 
nttadieil to an electro-negative cyehe milieus sik h as tlie Ix'iizeno, 
|iyridine, or furfiiiane ring, tin' alkali no longer acts as a siiiiple i atalyst 
1)111 serves as a base, forming, as shown liy Caiini/yaro, the sodinin or 
[Mitassiuiii salt of the respeitive ucid and tin- lorrespoiiditig alcohol, 
thus 

Clio COOK CH, Oil 

2 ( '| + K(lH \ Vf ’] 

\/ \/ 

0 ) 111 , OOII,, OCII, 

\iiHii alilt li\)li 

2 11^ 11^ jlfOOK OH 

0 () 0 

I'liiliiriil 

(ClldA'll Cil. ('110 ;(C11,). CM CM, COIt;, Ca 

i(Ctl,1,(11 CH, CH, oil 

t"iivni)iU ihlilmii 

The benzoin condensation.- Imdiig ,uid W)ihler* in\isiign(e,l an 

inleresting i <iiulen.satioii of l)eii/,ahleli\(le to licn/oiii, iMug .ihi'ludh 
]io(assiiini ( vanuii' as e,italysl Hreiiig and Sleiu ' stndnsl ihe kiiietn s 
of (he proeess and sliovved (lull, Ihe evaiinle ion w.is (he i alai\ tie agent 
Aeeording to LaitWiirtli* an intermeiliate (oni]Hiiind l)i'ii/ahh'livd<' 
eyanhvdnii, is formed, whnii siiliseipiently (omleiises with .inotlier 
moleeule of heii/aldehyde with tin- eliminalioii of hvdrugen ci.inidi' 

H II HI 

(’.iMj C. -vC,llj C--CNfC„H, C,; 

(» ^011 '() 

0 

II /H 

—>C„H5 C-C-C,II, + 11CN 

('mi.\TlC ClIANOKS UK DvSWlll’ IsOMKRlIlhS 
Many cases of taufoineric cimiigi’s are inllaeiieed l>y the i)risencp 
of certain ealalylic agents Tliere appears little d(nil)t that on the 

' /ler. ISSo. 18 I'olien, (Vnii.Vn/ p 2T.'> • .Inniltn, IK'l.*, 3 ;l"(l 

’ Chun, 19115,80.613 * J Vhem V I'KII. 83 TO 
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establisliirn'nt of a true (‘<niilihriiiiu luitli of tin* tasitomoric 

substanco will bt* pn-sonl. but iu cases of ]»sc\i(lomeri(‘ substancoa 
{('.g. the lactam ami lactim forms (»ljisatiii) one form is usually i»rac- 
ticallv absent, or present in extremely small quantilies This, however, 
mu.st be attributed to the fact that umler the eomlitious of the e.xperi- 
ment tin' equilibrium has been shifted very far in one <lire< lion. Thus, 
in the usual urea-ammoniiim eyanate e«{uihbrium, ho jter cent of urea 
represents tlie eijuilibrium amount under normal eoiulitions ; 


NH., 

Nil,. (NO CO 

Nib. 

,1 JM [ |« I i 

In the ease of manv allelotropie moditiealions in ulneli jit e(|uilibrinm 
the tw(» form< are present in iletennmable quautitu's. each form can be 
isolateil 111 tin' )>iire state and it^ rate of eonversiun i>e determined. 
pro^ ided tliat the reaction velocity of the re establisliment of equilibrium 
be not extremely rapid. 

Mmdi confusion in the paM was caused m th<' elassilieation of types 
of dvnanne isomeric •haiific'* owni” to the fact that cither the intra- 
oonveilible forms were e\treinel\ lalnie in the jinre stati' ami could 
freqiientlv Hot he isolated as viieli. <ir. on tile otiier hand, they witi' 
verv sTalile and only ]»roceed(‘d to form an e(judil)rnini mixture with 
iIiIIh ultv, It i'' evnient liiat tliese dill'erems's art* merelv one of decree ‘ 
Lowrv lias noted that in cases of dvnamie isomerism where (wo radicals 
are mleri haneed. ami when neither radical cun Im- split oil' a.s an ion in 
eitliei ciunpouml. the ealalvlie aoent IS mvariahiy an acid or an acidic 
snhstance. Tims, in fuinarh -maleic acid e*pnhhninn. Iivdiohrmnic acid 
is the mo.st cilectivc catalyst . 


coon .C II 

couh.('mi 


COtUI.C If 

I 


I 

li C COOll 


In the bcnziiliiH' conversion mineral ai kN are invariahi) used . “ 


Nil Mi 

> NIC 

Nil 

n\(lr.i7<tl.. ii7< »i' 




Nil, 

- ■ Nil,. 



Hi nzlillnc. 

Of historic interest is Butlcrow's invesiij^iition'* of the action of 
trimcthyl carbinol in dilute «ul)ihuric acid, a quaternary equilibrium 


‘ Srt- Ixwrv. lint Ainoc. 11104, {> IH.'l 

* Set- Jacolwn, AnnaUn. 1890, 303. 200. hnd It-’f., IS811, 29. I'tOO, 

» .4iina/f«, 1877, 180. 76. 
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bot-woon tho two ihodibutylciius ajid tbt'ir respective ulcoliola being 
cstablislii'il 


(ll„ Oil I'il, 
V - 

^ V'lli Oil,, ^011, OH, 

0 

CM 

0 (J OH 

—> 

1 i 

1 

(tHj 

OH 2 ^ ('M„ 

OH 

(.'(OH,), 

1 1 
ocu,). 

<Vh,), 

' Ik'ckmaiin changi' 

•} the beiizaldoMmcK, 



(VI'. C ][ 

11 

N OH, 

are (onvorted into the acid ainidcH, 

(VI- (' 0 

’ ! 

NH,, 

by a Iracc of iiydrocldonc acid up iiliosplioins oxycliloride 

Tbc use nf iiiaiiv Similar acid (at.lh^t^ is also lo be iiotiocd in ilic 
traiisfereiiec of groups fioiii tin- sole ciiain to the aroiiialic niuleiis 
Tims, IbimliorgiT' obtained the transfeieni'e ol a nitro-group In tin* 
addition of ii small ((iinnlitv of niiiieial and 

N UNO. Nil, Nil. 


N(»2 

Similar traiisforeimcs of one or more mctlivl groups have been obtained 
tiy ilofmaim and Maitiiis.^ llie siilphonic groDji by Ihnderniaiin.’ as 
well as the - NO and -(JH, ('<• groi]|)iiigs liy dilfereiit iincstigators 
In tliose cases iii wlncli .i single rarlical is transferred from one 
position to anotlicr and in wliicli the radical may be capable, of acting 
as an ion in both forms or at least in one form, the catalytic agent is, 
according to laiwr), iiivariablv an alkaline sulistaiice 

Ttie most iinportant cases of this class of dviiaimc isomeric cliaiige 
are the kelo-cnol modifications m wbicli tbc isomers differ only in tho 
jmsitiun of a labile hydrogen atom 


-00 

-C OH 

1 ■ 

!l 


- OHj 

-OH 

«<r i88y.2a. ir.a7, 

^ 1807.30, iJ88 

/tvl, 1878. 4 . 74.‘ 

‘ IM. i8y7, 30. M 
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TKc rcnctivity of a hydroycu atom attached to a carhoii atom iri’ 
creases as the divergence l)eiweeniheeleetro-))Ositiveaml electro-negative 
groupings in the molecule hecomes treater. Thus, in the following coin- 
poiinds the activity or lability of the hydrogen becomes greater owing 
to the insertion of more electro negative groupings in the molecule : 

to. ('ll, (OOH 

C’H-,.('()On. (’lIj.OH .(0()ll, Ciu . CM, 

" ('(>011 " N'OOII 

(’0 I’OOIl 
(’ll.. 

' (OOH 

III malonic acid Imfh hy<lrogens of the nucleus (JO have already 

heeoine labile, and are even eapablc of replaeement l)v sodium, .\eelo- 
acetic ester has also two lahile hvdrogeii atoms, but 4)idv one simIiuiu 
salt is known. 

A<*et()aeetie ester exists botli in the keto ainl eiiol forms m solution. 
Thus, it shows reactivity towards both krtoiie n-agents, such as 
phenylhydruzine, and to enol reagents. < ij plienyh-arlumide or b'rrict 
chloride. By the mlditum of sin li .substaiie<'s the efjuilibrium is shiflAMl 
ami complete conversion can linally I'lisin- if .‘Uidicicnl fd tin* reagmif be, 
added, altliouizli m the ease of imrir ehloiide the complex !''«■ (en«d), 
IKeCl, 1 .'i emd f(»rm < ^ Ke (enol), \ 3ll('l) is formed to .snrh a slight 
e.xtent tliat the e^jnilthrium is ban-ly atb-elrd. 

The solvent ilsidf may intluence the eijuilibriiim hy lombimng wiO| 
one or both of the istnnerie forms In these east's also the change from 
k«‘tonic to eiiolie form i.s aceeleratetl by tin- addition of small tjuantifies 
of buses. 

The work of Scliitf on the ^•ondensatloll of ueetoucetie ester and 
benzalamhne^ has, however, indicated ihui, fbi.s ralaiyiie activity of 
bases in the kelo-cnol conver.sion leads to soinewliat unexpected results. 

He noted that complete I'oiiversion of the keto biiiri, 

(■|i,.C().( H .COO-Cdk 

I 

(;ii,,.('ii .Nii.caii, 

to the enol form could he. obtained by the aildiiion of a trai'c of sodium 
ethoxide to the reagent, whilst tln^ reverse change eould likewise he 
accomplished by the addition of jujieridine. Kvbiently llnr action is 
not purely catalytic, since the equilibrium is diHlurbed ; bowry has 
assumed * that the Kodium ethoxide forms an additive emnpound 
with the enol form of acetoacctic ester, which then ifib‘raed,s with 
the benzaniline ami liberates the sodium eth4»xnle. In this way 
, the enol form of acetoacctic ester is continuously removis! from the 

./. Otim. Hoc. 75. 241. 


' Her., 1S9H. 31, 20(>; 180i). 33, i'i: 
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jpluTc of Hctioii aiul kcto-i-iio! cimvcr.sioii takes place to rc-cataliljsli 
'<|)iiiil)riii Ml 

The mtro-bodies. Victor Meyer first indicated ilic tautomeric 
lature of iiitro-dcnvativcs by iso!atiii({ mctliyl nitrite, CHj. 0 NO 
d) p - Jti"), and iiitrometliane, CD^NO^ {b p lJd“), by the iiiteiactioii 
if mctliyl iodide and silver or potassium nitrite Kolbe’s experiments 
111 till’ Holiiliililics of various lialocen-substituted nitro-bodios cou- 
liisivcly showed that solubility in alkali was conditioned by the 
presenie of a labile liydroeeii atom Thus, nil derivatives of llie type 

were solubli', wiiilst those of type wi‘re insoluble 

HaiiUsch and Sehultze,' showed that the two isomers in the easi' of 
|iheii)l nitroiiiet|iaiie could be transformed one into the other, eipii- 
libriniu between the two forms being assumed to exist 

(VH, fdlj N0,,^.^(VHi Cll Nl) Olf 

I’lll ll\lllltOJ|l|l III nil ^ SlOcituluc 111 

i/i-Nitrotoluciie is a stnmg aeid ami an <dectrolvte, wliilst plnmyl- 
nitrometliaiie is an oil and a nnimdeetrolyte The diange of the oil 
into the coiidint.ing form is aeiderated 1 )V tlm preseiue of Inises. whilst 
ttie reverse diange is infliiemed by the addition of adds , in aholiolie 
sohitions also the i/;-nitrotoliiene, windi can ts' |ireit[iitafed in a pine 
form from its soduim salt, m gradiiall} (raimfoniied t<i the plieinlmtro- 
inethane form Similar results ,u-e olil,lined wii h intromethane Ttnis, 
on the addition of liar^ta water to nitroiimthaiie the iieriod of time 
reipiired for the tantoiiKTir c li.ange to <omplete if self witli funnation of 
the bariiim salt exeeislM fifteen mmiites 

llant/sdi’s investigations on tlmse lorms of mine isomerism m 
psmido-aelds were evieiuled to tile lillrolK acids 

NOII N 

('ll, (\ ^ t’H, (' ' 0 

^N(L . '..N 

(y 'M)H 


He was siKTcssfiil III Isolating (by neiitralisaiion witli duMie soda) the 
iiiteimediale tonus - 


N-OII 

SVN 

0 


NO 


and (TI3 A) 

'N ' 


"OH 


Tvoi Kill 

Lowrv and E Armstrong^ and Lowry* have followed the tauto¬ 
meric changes of the isomeric mteo- and •jT-broiiiomtrocamphor by 


‘ Ikr. IS'H). 29. l-'l'), WJ*! 32 .ST.V 

’ Sif »1mi Hnriiioch’" iin< on V AmiiK'iuiim Her .In'S! 32, .VM . lOoO, 32, 

2 :» * j rim x.., tw B 3 . iti 4 < ibid.im 75 
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means of the change in ojiiieal rotatory power. The normal form of 
ir-br<imonifrue)impli<tr. I’llNt) 

(',11,;,Hr I 

{■() 

has a rotalorv p«)\ver |xj|, ol . vvhii.^f tin' >!> form. 

i) 

t’ X 

CjIJJr 1 (HI, 

VO 

has a \aliif (xjn i 188’. 

Siiinlar tantomeru- ehanjfi"' are ol)M‘rvi‘il m llie ea'^e ul iiiti'o|)henol 
ami ipniioiiemomaime ■ • 

OH II 


NO NON. 

\ Wel]-m\estieati‘<i <‘as«' of eatalvfle Ititilleiiee on the imeralloil of 
an atom wilhtn the tnoleeiile i> to he found in tlie eafaKtie eonvetMion 
of.!( etoehloroaniline to y) i hloK*;*' ( fanilide . 

('Jl,,.N(’|(CO.Cll,) . N|I((’0 ('ll,) 

Tlie reaction i.-< of iinporlance m the con.'Jideiation ot the (|ueslmn of 
rea(•tIVlt^' of \ariou.s ajicnts with aiiilim.s amt atiilnle.s Hiatdvsnia ' 
mea^ll^e^l the \elocuy with 'vlm h tln.s dianj:*- oeeiirs iti piesence of 
hv<lroehlone acid, ami .'•Iniwed that the nadion wax apparently 
imimolecular l*<it that l)\ donhlin^ the aeid <(inceiillation the 
velocit}' ••oii'.tant ot the reaclioii wax ineieaM'ii foiirfoM With snl- 
jihurie aenl it wa.s iiiiposvd)!c to obtain i onstam y in lln* s eioeil y del it- 
miiiation.x. Lijihl wax xhown to possexs a marked aeceleratiii}f action. 

< trtoii “ and Orton and .lone.s xliowed m the {-onrse ol experinicjits 
on the inleraetion of \ari'iiix a( nl.x witli chhtro.iimiie.x that <‘hlorine 
could alwavs he detected wlien h\droehlorie acid wax jirexeiit. hut imt 
will'll one of the other a<idx was piexcnt Tliix fact led on further 
investij^ation, to the lomlusioii that the reaetion proceeded in tw<i 
Sla^ex • 

{]] (VH.NtiAe ( IICU. 'fV.lL.NHAc , (’1,, 

(2) (;il,NllAc-i i\ ^(;.iV!MIAel i HOI, 

the first reaction proceediiiji slowly whilst the .second leaeiioti proer'cdeil 
with fireat sjioed. 

The reaction, therefore, would l»e projiortional to tin- e<ineeiiinitiori 

’ I’rijT K Aiftil Wfli-nirh. Am-Ur'Inm. llinj. 5. I'S 'IVI 
* I'nic UiXj 71. IW * J Chun. S,k , l«oy. W. H.W 
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Ilf tlip au‘torliloroaiii)i(lc and conspijiipntly of tin; first ordor as found 
by Blaiiksin.a 

Acrt-e and Johnson * assume, ni explanation o( tin* roactiun nicclian- 
Htu, that a compound between the acetnchloroamine ami hyclrochloac 
and IS formed wlncli is dissociated, the uudissociatod fraction, however, 
being slowly changed over into p-chloroacetaiiihde witli simultaneous 
liberation of free hydrochloric acid 

Hivett ^ suggested tliat the umlissocialed hydrochloric acid molecule 
plays the principal part in tlie formation of the intermediate compound 
and that, the ions exert an accelerating iiitliience on tlie reaction 
Jfivott further mvcstigak'd the action of neutral chlorides on tlie 
change ni presence of hydrochloric acid The usual accelerating 
mlliiuiice of neutral salts was observed, and could lu' stated m the 
form of an ecjuatiori of the form 

K-(ii(:i):oo5i}hff(H) + /i(cr) 

where (t, 1 ), and d are specilic constants, dependent only on the nature 
of the particular urns present Ammoimim chloride constituted an 
exceptional case, the reaction at tlie outset m presence of vaiyiiig 
ijiiaiitities of salt going mueli more slowly, al tlie end, however, with 
mneh greater rapiditv than la the pure ai id alone 

llarned and Seitz showed that the " neutral salt ” action oliserveil 
was III agieeiueiit with values iiiitii i|).it.cd from tlie ellei t nf I he neutral 
salts on tile aitivities ol tlie leaitiiig ions Tluw' found (hat the 
real lion velneily uiiild lie deinied over wide i.irutloiis m eoliceiitratioii 
liy the relatioiiship 

<h 

where c, is the i oneeutr.ilKm of tla- i hlorometanilide c,/„ Cj/, th<' 
eoneeiitrations and .letivilc eoefliileiifs of the liidrogeii and ehloriiie 
ions III tlie solution 

The cyanides. Altention mav he directed to the .sutnewlmt eoni- 
plex ease of the eyiuiule-tsocyamde taiitomeru’ siibst,tines ]| is well 
known that tlie production of eillier cyanide nr isotvamde lan lie 
controlled by utilising the potassium or siher .salt of liydroe\uiiie m id 
lor iritiTuction with an alkyl iodide, thus 

KCN -> (TI3 UN 

CHjI 

AgUN > (;h;ng 

Wc may assume that the alkyl cyanides and isoiyamdes themsclvoa 
are tautomeric ami that the priKluction of cyanide by the use of the 
potassium salt is due to the uecespity of heating the reacting suhstanoes, 
KUN and UHjI, to a higher temperature than for the silver salt * It 

‘ lm.r Vhem J . llHI* 38 

’ 2 . 1 O.A I'hrm. ItUl, 92,-.HI , ,h„l. llU.t, 89 I IS 

Amtr (’AfHi, .Soc, ID.*2, 44, 1484 CUm Sue. IW.', 81, 603 
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Seems j>rol)aMe, liowever, tlmt tlio diltertMico in tlie two n'Hctiona is 
.more finKlaiiiPiital. 

’ Hvdrorvanic acid itself ])rol)al)Iv possesses the structure U . C N, 
‘ since it is easily hydrolysed hy alkalis, aiul l)t»th in refractive power and 
physiological activity is iiu>re ukm to the alkyl (yanides, All the 
metallic «-yaniiles, however, ri*s<‘inhle the alkyl isocyanid(*s hoth in (heir 
■reactivitv to form douhle compoumls and in their phvsiolotiieal elT«‘cts. 
Thus. we iniivSt regard the constitution of hoth silver and potassium 
salts as similar and of the form K . N (' and Ag\ ('. With Nef we 
muy regard the formation of eyanid** ami isoc'vanides as detiTinined hy 
the inilueiu'i* of tin* dilferenee in the electrical character of the metallic 
ion and the lonnatioii of the salts to take place llirough the meehanism 
of additive jiroducts : 

(H, 

K . N : (’/ 

1 'i 

I 

('ll,, CN 

Thus potassium mll^t he reganled as more ele<'tro-p<»sitive than hoth 
(’ll, and t'll.jh whilst silsrr on this vn-w is comparahle with (dh,. 

Tln‘ eleimuifs jioiassmm and lil’.er. m the ionic form, conse(]UentIy 
exi'rt selective aition on acroiint of their liillereiu’es in electrical 
characteristics 


I ('ll, 

Ar N~:(J 

vl 

4 

Cll,. NC. 


Hackmisatha and Mi'takotation 

Racemisation. In s(vcral wc!l-kno\sn examples of raceimsation of 
optically active forms of <'onipoumls certain i-atalysts accelerate the 
conversion and are freipiently utilised insteail of the more usual method 
of elevating tiie temperature ; thus, although active tartaric acid when 
heated to 170' per si is converti'd into tlm racenm and ineso forms, 
conversion into the racemic form can lx* jirodm ed at a lower t<*injHTatiire 
by the adtlition of aluminium oxide, 

Active malic acnl i^ raceinisci! hy heating to Idl' with wafer. These 
changes are generally atfrihut»‘<l to the elinimation and siihsejpient 
addition of water, tlius . 


coon 

1 

coon 

t 

I'OOII 

1 

('ll on 

1 

(ii 

('ll-on 

1 -> 

II 

■> 1 

CH, 

1 

('ll 

Cllj 

1 

1 

(’OOH 

t'OOH 

1 

(OOH 

.Aitivc 

Inadhij 

llU' live 

iiiatic. 

fuiiiart. 

Kiailv 
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Ltoc'uh' (a-iimi(l(K'a|jroK' atnl) and hvo.soyaininc' are particularly 
scnaitivi' to lli>- ])ro'.i’iicc of anuill of hvdroxyl ions, and the 

latter ('oiiijKiiiinl lias hreii utilwi'd for mcasiinn}' the strciii’th of bases 
by following' polariiiu'tritallv the rate of raceimsaliuii ‘ 

A similar result was olitained by Wren* in the taremisatiou of 
/•beii/om by means of ,t Irnee of eaiistii jiot.ish He ivas siu'cessfiil in 
isDlalinj' Hie iiilennediary enol form 

CgfL, CH Oil c.Uj coil (;ilj ClI Oil 

I 11 - ->■ i 

CJL, CO C0H5 coif CJIj CO 

Mil (i/olii lludili' 

In the examples^ ited above attention has been dins ted to the catalytic 
aefivil.y ot Iraies of alkali, and its aiMVity has lieeii attriiiuted to the 
foriiiatioo ol iinslahle iiilerinediary eojiipoiinds without any stress 
lieioj'laid (III the fiinetionof the alkali duniie tlie pioiessof ojitical 
inversion 

111 tile ease of Hie so-called Walden iiiversnni, liowever, where the 
ealalysl fiiiutioiis in the (heniieiil reaOion itself and not jnirelv in a 
ciitalylK lapadlv, the inaenitude and riaiuri* of tlie optie.d iiuersion 
is not indepeiideiil of the nature of the addeil (alalssi and ilietniial 
reactant lint isKreall) intlnenrril by it 

The Walden inversion. The Walden in\'’rsioii was lust, observed m 
a-liydni\v .n ids of the ty|)e K|C| 110 II I‘(* 011 , and various siiu'iestions 
were adviineeii 111 who li tin essenlial pait of tlie iiieelianism was 
assigned to the II. Oil. Ct). or even In two ot these i.idicals StPiee, 
liowevej, I’nkaid and Keinoti ‘ liave noted mviTsioii in seioinlary 
almliols, ('(/ l',JIiJC|IIOll ('ll,, and I'hilip'’ Keiivnu, and Turley' 
ob(mned inveiMon in tin- (onver-^ioii ol iom|touiids of tlie type 
XIIIU‘ 01 ’ XHHC 0 (X It is deal Hull iieiilier tin' earlio.\,yl 
group nor the x-livdrogen plays an essenlial part in tlm inei li.inisin 
of iiiveinioii acioiiipanving Hie ihange Oil -«-Bi ->-Olf ot 
Oil. ^01 -^(in 

l‘'iseher,*’ Weriiei ‘ and I’feilb'i ^ su]ipi)scd that the radicals could 
push one niioHier on tlie siirftue oi a s[iliere of atliniry with tin' ri'siiit 
that optical inversion may be biought about bv Hie interdumge of 
two rtidicals, r>i 

P. 0 P Q \\ P, Y 

- -> 'c' - N'; —> 'V' . 

\i R R 0 R' 

in (111 iiiM lU) 

' IlniWiniiiWjtl Ihr IMSH 21 1": ^ I (A,r« .Vv , ItlOO, « !W 

■ I Chfm SV, l'Hl,99. 41 * / I li<m Wrv I'lJ.a. 123. 41 

^ ll>id l(i:4 125 I'l'l ‘ Inw/c" I'll! 381 Ui 

■ fje-f, 11111,44, S»l " lti.io/f«, lull, 353. IJJ 
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It is cl^ar that only one railiral, Q. in achlition to X ami Y, is 
involved in tho change according to tliis view. 

Lowry, following Giulamer,^ Miggest?. that optical inversion depends 
on the flattening of the group (ii ) when X is resumctl. followed hy a 
restoration of the tetrahedral configuration when V is addeil to theotlier 
side of this residue. It is as.'suined that the Walden inversion is limited 
to an exchang*' of anions, the asyminelnc carbon atom assuming 
momentarily the form of a cation. 

According to this view the jaoccss may be rcgardetl as pursuing the 
following .Stages : 

\\ Q A} 

-V l‘ ('■ U. 

ir X i . 

The planar ion is eomparable to the ion NO,. CO^, or 

t) 

Clf.,- f’ in hash- hervlluim a<'elate.- If the imi becomes free tlie 

0 

anion may be added to eilluT side, and tlius raeemisatmn results: 

V i} 

I I’ I Ai 
► . (' 
i‘ K i 

If. on tlie oilier liaiid. new negative radicals .\ and V arc jnhied to 
Opposite M(ie< of tile phiiiar ioti Mimilfaiieoiislv, X then leaving the (om* 
j*le.\ (’1'QK^ X. the (ompjiiind < 'I'QfO' will !»■ formed, w hen a cliange in 
configuration corresponding to a Wahlen inver.'^nni takes jilaee. Kinally, 
tile two negative ra<lieji)s X and \ may be added to the same siile 

of the jplanar ion Miniiltaneouslv binning a complex. \*...{'/ 

K 

When X li'iives the compi<-x a normal snh.stifiition of V for X will have 
taken jilace. 

Matarotation. Very similar to these changes in optical activity on 
the addition of certain catalysts t<i organic substances containing iiii 
asymmetric carbon atom in juxtaposition to an cleetro-negativc group¬ 
ing such a.s the carboxyl groiiji, is the beliavnnir of icrtain sugars on 
standing in aijucou.s hoiution or in a slightly alkaline medium. 

’ chfm /.nt. laij, 36. i:ci7. 

* Hreigg and .Murgan, rmc. Itoy. .Soc,, 104. 13" 


I' (■ tV 
K 



r' 4ie’* mhiim m theory AKD ’fRACTICB'V' *f.' on 

ParciiH and Tollcns^ lal)ulatrd the initial and final specific rotations 
of t!)(i Kolution-j of d number of natural sugars after being allowed to 
stand m an alkaline .solution for some hours For example, d-glucoae 
«j>t lOo 2'" sinks to xi) h b2 li' after a few hours and remains constant 
at that figure Xylose «]) \ 78 6° sinks to a|)+ I'J 2“, and rhamnose 
rises to aj, I ft P 

Lobry de Jlruvii'* and V Ekenstem^ noted the interconversion of 
glucose, ni.umose, and fructose on tlie addition of a little alkali to one 


of the sugars 

(’Ilf) 

('HO 

Cli, oil 


CiL OH 

1 

If 0 Olf 

j 

110 0 H 

i 

(JO 


i 

00 

! 

(Cll (111), 

(OH Oil), HO 

] 

(J H 

H 

0 OH 

j 

('llj OH 

(.'11, OH H 

1 

(! Oil 

II 

0 OH 

I.lucusi 

Mutiii'ih* 

II 

(’ Oil 

I 

11 

1 

0 oil 



1 

Oil,, oil 


on, oil 


il Irii' Ow M turtii-i 


Moirel and Beilins'* obtained sinnlar results 'Ailli guanidine, which is 
nearly as strong ,i base as causlie soda, but has the advantagi' of form¬ 
ing ery.slalbiie eoniiioiiiids with the sugars whu li mav thus be isolated 
'I’liese iinesligator.s obtained llu' lollowing vulurs of the vehnity 
eoethiienls of each change ,it .17^ 


I.HI"'", liluMiai- 

^ 'Oli^ 

.Miuiiuw' mleriiiediate sui»staine 


Tanret miIuIisI three nioditb atunis of glucose itself x-glucose crystal¬ 
lised troni cold solutions, a|)S iDb', /f-giiicosc Itotii hot solulums, 
ai)H hi .'i' , and y-ghuose from hot akohol, lo *--2 O' /i-(ilucoae is m 
all probability a (hiuunic i.somer of the otlier earieties 

Both tlie formation of osomeric glueo-cs and tin' conversion of 
glucose into isoiiierK sugars may be attributed to the addition of water 
followed by .siibseipient dehydration 

* tjfii,./.)r, IH'Hi, 287. inn. ^ Mr /rui URK' 17, 1 ^ M r , ISU 88, CUTS 

‘ ,/ ( A.m Sri, , mi:, 91, lulu ‘ (.'um/il rtitg , 180j. 120, 1860 



The interconversion of glucose to ummiosc and fructose may be 
nterpreted thus: 


.011 


OH 

CHO CH:' 

('ll.; 


. 1 

'll 

..•H.C.OH 11,0 1 

1 


^ 1 ir.c.oii 

('0 



Oil 

('IK CHO 

"II , I 
on 110, ('ll 

■ I 

on 

Lowry* suggests an alternative scheme in which the liydnilcd glucose 
loses water tn form un enoli<‘ ((impound from winch all the sugars 
‘ may he diTivcd : 


y ('il(Oli), hvdratcd glucost^ 

'I 

n.c.on 

(‘11(011).; Ijyilratcd munnoso 

i 

no.('ll 

(’ilj.on liytlnil,i‘<i Iriiolimi! 

1 

O- 0(011), 

I 

.. The mulurotation is caralysed both by hydrogen as well hk by 
hydroxyl ions, tin* velocity constant being exi)ressihle in the form 

^ . K = -0^m ) 0-25B[f’l] I ‘)7r)()[(m'|, 

f-:'' 

Itom the meaflurementsS of Hudson.^ 

^ ' As originally suggested by Kule.r,* wo may nigiird glucose as an 
* Lot «/., 1314. 

y- :» J. Amrr. Chnn SW . liKlT. 29, 1S72; XtiU>rh (Vm , I'HlS, 49, 487. •/• Amrr 

€htin. Sor., 1917, 19. 370 . tW. 1919. 4t. W". 

Zttlufk. phy$tkal. Vhtm., IWU, 38, 8»1. 
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oil 


am[)hot)‘ric substance ])ossi‘ssing huth acid K,, and basic A’/, dissociation 
constants In aqin’mis solutions at tbe isoidcctnc |ioiiit dcliind by 



wliore A’u, IS tlic dissociation constant of water, the reaction velocity of 
iiiiitarotation will be a ininimiim This minimum is found to be at 
I’ll -50 at 52'^’C, and since the direct ileti'rmination of the dis- 
Hociation of tin* sodium ulucosate yielded a value of A',, at 5-2" (' 
---2 I lO'*'*. we fiml that the basic dissociation eoiislaiit of uliicosc has 
a value of A(,= l-H lO The leaetion velocity constant run accord- 
iiiflly be exjiressed in the form 

wliere ) and i, are the s|)eeili( reiitti\Hi(‘s ol ihe ^liKosr (.iiiou 
and anion, .iinl A’,, the reaction constant o( the .imiilinteru ttlncose 
*' zwitter ion ’’ 


Hm.ooKNM'IOV 

Several catalytic agmits are cmitloycd lui nlrmlm mu 11 - hdloi^ens 
into organic (onuiminds, of which the most nil “stin;^ is , . ,f\ ' 

(lire<t siinli^dit or e\|iosiire to various forms i vidnint eni'- I- 
action of brij^lil siiniij'ht on llie iiahiCfiiation o, iinsal' (i- 

carboiis favours the formation of sini)ile .nhlitive prodi ' he 
hromiiiation of ethylene or of acoiulK ester i 


CIU (’Hdfr 

II ' 

t'lL (dIJlr 


('ll COOhlt 
(' COOKt a Hr, 


('HHr I’OOKr 

1 

(J Hr COIIKi 


(’14 (’OOEl ('14 ('OOKt, 

or in the chlorination of benzene 

(’,i4i;5a--(',i4C4 

'h 

in bexai'hlorohexamethylene h formed, Imt winch is iin.stable 

and '-‘‘("'^Lon 

(',H,a,=t',HjClj + 3 IICI 

In I lie dark halogen atom for a hvdrogeii atom 

iisiiallv results * i i i 7.1 i 

r ,1 . I attv aromatic hvdroc.vrbonsand their denvativea, 

nuclei,,, a ™ular r«nlt L,. "* “ 
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at th(* boiling point. Sui)stitiitinn in tbo nurli'us rr*snlt.«? from 
halogciirttion in tin’ dark, as ox(‘inplilio(l in tin* folKming rcaofnins : 

Cyll^. Cllbr rH^ in ddlusnd sunlight 

(\\h.VJh 

"V . t'lIlJr . (’Iljllr in bngtil sunlight. 

Scvrral cli’nn’iit.s or lln'ir atiliydrnijs fhh*ridrs. tlir UfltT fivi|Ucnl!y 
fornn-d ?// ar< clfraTr the ))ro(Tss of halogcnation to a 

oiarki’d dcgrta- 

lodino Ijas Imm'u sin-ci-ssfidlv cniplovi d for prcwcssos of rldorinution 
and of hroniination.^ SnhsHtininn in tin* nurlcus nsnallv i^’.snlts whon 
iodiin* iii nsc<l as cataly.st in lh<‘ ha!t)g(‘na(ion tif arinnutn' snl»stan(vs. 
Il.s function as a liah»g''n carrier i.s prolmldy <lcpt‘n<lcn1 on two factor.^ - 
first, tin' formation of a moni>lialidc. for examph' K'l or IHr. which in 
virtue of its iinsvmni' trical character, a-' opposed to Cl t'j or Hr. lU. 
is capulilc of reacting \miIi nnsatnraled linkages : s'toiuIIv, tlic power 
of osdllatioii of the halides t>f n»)ine between the two stages of 
liulogcnat ion. 

iCitCb 

thus exhibiting a marked case of earner .letion In a later ehapler on 
the aelion of radiant energ\’ in piomoimg i liemieal l iiange the further 
action of iodine m removing the negative eatalv.st, owgi’ii, frtun u 
system umiergoing halogemition is emphasised 

Various \arn'ti<‘s o| chanoal- i!ipid!\' elfe<t the e<iml«iniition of 
livdrogeii and eldorine !)itring the last few \ears wood eharcoa! has 
been employed, as sugg'‘'led b\ Sehiel.-* Ill 1 h<‘ prejiaratioii of the ])oison 
gas. rarhonvl i liloride. from ehloniie ami <arhon monoxide. In this 
.syntliesis It t" interesting to note that livdrogen < liloride i.h said 1<* he a 
negative eataivst, and the pre|iariilion (if drv earhon nionoxid'* on a 
large seale otb-reil at lirsi l onsideralile let hnieal difhciiities. whieh Were 
finallv overcome hy hiirmng cliansial m oxygen and diluting the gas 
witii carbon dioxide in older to prevent iiiMine elevation of the tempera¬ 
ture, Kthvl < lilonde also can lie |irogressivelv and (piantitativciy con¬ 
verted into hcxai.hloroethanc bv chlorination at .'J.bo in jirc.scnce of 
blood cliarcoal 

•Sulphur and siilphni chloride have been employed as catalysts for 
the chlorination of acetic acid to yield the monochloro-denvative.'* 

IMiosphorus jientaehloride generally undergoes partial or complete 
conversion to the oxvihlonde when present in the chlorination of 
ahlchydi'S and ketones * 

' MhII< 1. ./'MroVr. 0V« riilrrl kiiUnr, iW‘2. y -III. Krnfl,. IS77, 10. HUl , KlAnnon, 
ilild, JHST. 20, lilWJ . Itrnn'r miil tHuskn. Hull .irtui Sri f'rof"-'. ia"7. ji U'.tl 

* (iaztftl‘1. IH7S. 8. 

* r-ilrrl hulhir, IWM, |i IkMI ‘ 

* \»H‘ T .ui-l IMI .Xi*- ' A|«I, iSHil, 2. 1 l.'i; Uii-aiioll. H't , iKKi. 25. SSI 
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in ttic clk'Ct of aticls on tlic organic nitro-cumiioiinds, in the kfto-cnol 
isoiinrir siili.staiiccs, and also in tin' coiivrrsioii of iins.itiiratcil acids 
into «j8-dorivahvi‘s in the presence of acids, r ij 

U) 

ClI, CHj ClI CH CH, COOH -> CH, Cll^ CH^ CI1 CH COOII, 

tlie tendency in this case being to iiKrcase the reactivity or labile nature 
of the last hydrogen atom (j), which, as W(‘ have noted in the ease of 
atomic groupings of high reactivity, may react with caustic soda or 
sodium etlioxide to form a 

CN,i COOH 

derivative In the eases of conversion of /9-/- and some yS- nnsatnrated 
acids into tlie a^-deri\iitives, no secondary rem tioii of this nature does 
Hi faet fake jilacc, siiiee the reaetivity of the lal»ile hydrogen is never 
siillnioiitly grc’iil 'I'he caiistn’ soila is liius a purely c.irali He ag<’nt 

Tile same jtlienomenon eaii lie note<| in the case of bill\ 1 uce( vlem*. 
(CH,)_,C (’ CH, wliuli, \ihen gently w.inneil, passes into diiinthyl 
allyleix*, (*'11,)d' (' CH,, whilst <iii tieatment with iiielalln sodium 
the re\eise change takes [ihice 

Tlie ciil.ilytie activity of ;i trace of iodine in the addition of chlurme 
to Jill niisatiiraleil eoinpuiind is readiK iiiti liigible fioni this point of 
view It IS at first sight didn lilt 1it see uhv I (1 slnmld be more 
ri'.ietive than Cl Cl, Mine the loimatnni of ilii' imioi liloiide m ilsidl im 
I'Notliernue reaction 

The ndalive dllleicin es in the ehs tio-posiMv !■ and i lei'tio-iieg.dive 
nature oi the emijilet Cl I, lioweiei < nnipeiiNite for tlii‘ loss (d energy 
and penult of a relatively higher le.n (i\ ity 

ClI, ,n CH, II 

C I ltd. > C t'l 

I ■ I 

CILCI cll.ci 

It Would appear tinil the stability id aiiv nrganie enmponiid is 
de|ieiidenl on Its eleitronii ilmraetei and its s\innietry \<lditive 
agents only eviut a latahtie ,ii‘ti\ily when there is a leiideiuv to salt 
formation iliie to the above eoiisnleratnnis, thus, the problem resolves 
itself info a formulation of tlm interinediate compound theory in which 
the stability of the iiilermedmte eomiioiimls h gnyerned liy electronic 
forces ' 

The liilieTent diHieiilty m the development (d this theory to explain 
both organic ehemical reactions m general and mitalyta action in 
partKiilar lies in the (a<t that we have no means of measurement of 
the clectro-positive or -negative nature of an atom or a grouping of 
atoma within a molecule , we can merely state that halogens and acid 


(Tl, Iltve I 

li ' I 

CM, ye Cl 
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radicals arc op[) 08 i(c in character to the hydrojrcn atom and hydro¬ 
carbon radicals, whilst incrcasin;; nnsaturation increases the acid or 
electro-negative clmracter of a hydrocarlMm nuc)-us. Tlie measure¬ 
ment must naturallv include two factors, the ahsttiute value ami the 
effect of spatial arrangement on the dcctronie nature of neighbouring 
atoms. 



CHAPTER XV 


CATALYSIS IN EI.KC'TBO-CHKMISTRY 

Cathoimc IIbddction 

ELKKwnKRE 111 tins book we liiivc noted the vdudiir applieationa of 
catalytic substances to accelerate the reduction of certain coinpoiimla 
III ln|iiul media by means of jiaseons hydrojren With the aid of tlie 
electric current we have a nietins at hand of g<'ii('r.itn)j; livilrogon in 
mlu and ean thus accomplish similar processes of reduction In s|nte 
of the higliet Cost of hydrogen jiroilueod m this way, processes of 
electrolytic reduction arc becoimrig iiieieasingly ini[)ortniit not oiil) 
on account of the greater cleanliness oi the operations, but also <oving 
to the variety of products winch can be obtained by a strict control 
of tlie rediieing power of the hydiogen It is in this stint control 
over the reducing jiower tliat tlie great nuTit of electrolytic {irocesses 
bes 

During tlie course of eleciroUtic rediution, two ratrdytic reaitiona 
ari- to be observed-lirst, the spi'dhc action of the callKule nidferial 
on the course of reaction, and secomllv, 'he elTcct ot a'l'lmg certain 
salts to tlie electrolyte in which reduction is procee<ling These two 
actions are frcijiiently entirely distinct from one anolher, but in many 
cases mutual interference is so marked that diMiiKtioii between plieiio* 
meiia occurring m the electrolyte and at the eleitrode surface w 
iiiijiossible 

The ftpeeijic odm of Ike ekclrodc malenal- Sineo, m elertrolytio 
reduction, the hydrogen is juodueed at the surface of ike cathode 
exposed to the electrolyte, we should expect that the course of the 
reactions proceeding in the adherent film would affect the nature of 
products obtained by reduction Tins is actually found to be the case. 
Thus, III the electrolytic redmdion of mtrolHmzene, the quantity of the 
various products of reduction, mtrosobenzene, plionylliydroxjlaminc, 
araido-pheiiol, azoxybenzene, bydrazobenzeiie, benzidine, azobeiizonc, 
and amime, can be controOod at will by an alteration in the electrode 
’reaclutRs 

The primary electrode reaction, occurring at the cathode m the ' 
424 




the molecuLar hydrogiMi evdlvcd utul tlie hv<lrofn-ii ions in 
‘solution are in (iynumic <‘quiliLriuin, as fouiul in an o.xv^rn-liyjlroj^on 
cell with perfectly revcrail)lc clccfnxh's, tin* catlunlu- jiolcntial of the 
electrode in the electrolyte in ;:iven hy the general h»rimi!a developed 
' by Nernst: 



lop, 


n, 

)l ’ 


where F b the Faraday eipiivalent (%,rj-l()eoulontl)s itcrVruin molecule), 
n the valency of tlie discharged itm (in this case n ■■ 1), H., and H the 
■partial inessure and tin* ionic concentration of tlie hydrogen gas and 
the hydrion in solution respectively. 

It followsthat for the steady liberation ofcalhodie hv«!rogen froman 
electrolyte of unehanging composition a niininuirn potential dilleretice 
between ealhode ami electrolyte must !)«■ applied, which cathodic; 
.potential has an important intlucnce on the redming power of the 
eleetrolytie hyilrogen. 

The inveMigafions *)f Caspari.' Mtiller.* .1. Tafcl,-’ and Wilsmore'* 
have shown that the value of K, the cathodo jailential derivi*il from 
Nernsl’s formula, is not independent of tin* nattire of tlie cleetnjde 
material, as isassmrie<l wlien conditions of dvnainie (■(|nililiniim hetw^-en 
the molecular, atoinie, and ionic hydr(*geii at or in the chi trodi’ surface 
are postulated. Siieli conditions of rev<T.sil)ilily are onlv ohtaineil 
when phitiiiis<‘d platinum is used as cathode malcriai ami wry low 
current densities are «‘m}»Ioye»l All oth<-r metals give values for the 
^•ath(Mfe potential in excess of the ealculaled value for F. In the 
'lollowjng table are given the magmtinies i»f this exj-ess or over-potential 
(ij) re(|uired to ejfect the lilicration of molecular hydrogen at variou.s 
lllctal surfaces : 


MeUl. 

OM 1 {Mit< lltilll 1 

111 Vult 1 

■ 

.0 7s i 

Zn 

0 7U i 

IM) 

inu ' 

Sn 

o.'ia ! 

(M 

04S 

Pd . 

. 0-l<) S 

('ll 

. . og:{ 1 


ill Volt. 


Ni 

. 0-JI 

Afi . 

. 015 

Pt (briKlil) . 

. OOtl 

Ke . 

. OOH 

Au 

. il-02 

I't {{iltttiniM-d) 

. 0 00.7 


Thus the transformation of hydrion into molecular hydrogen retjuircs 

times as much energy as is necessary at a piTfectly rcviTsihle 

A 


; ■ » ZtiUtJi. phi/nkal Chrm., IS99. 92. 30 * anfyrj,. <%m.. |W¥p. 

U ' » ZeUteh. phyM Chtm., Jm M. 641. * tbtd., ItXW. 35. LMU. 
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electro«l(! Eventually tins rxccss enf'r^'V reappears m tlio electrolyte 
as additional lieat. snuc no siihsidiarv etKi<itliertnic reactions liave 
taken place 

It IS evident tliat tin' various metals exert marked catalytic 
ai'tivity m the transformation of ionic into molecular hydrogen 

2H- ->2iI-^ II, 

Whilst the original suggestion of Helmholtz ’ that over-[)otential was 
caused hy the )>r<'S('nce of small hnlililes present on tlie electrode 
siiifuce has rec.i'ived sn[iport from investigators such as Moller^ and 
Muilniu's and A<ller,'' it has lieen shown in iniinerous invi'sligatioiis 
tliat whilst the formation of hubbies wliieli afleel the curienl density 
liy eovi'iing lip [lart of the electrode eleelrolyte interface may eaiiv 
slight llmtiialioiis in the o\er-|iotenliiil. the plieiiomemin it'cll is due 
to the pressure of Home ehn(loiiiolivelv ,i(ti\e form of Indiogdi m 
the eh'itrode A( cording to Newben/' dhustinie;' and others tliH 
electroniotively a<tiv<' form of hvdrogeii is present in the eledimle ns 
11 elieiiiieal (ompoiind in tlie iium ot a hydrid*- ol <lehnite chemical 
(uinposition It IS, however, (|iie.sfioiialde w'lietlier then' Indiide.s do 
iiitiially exist, and exim if they weie present whetlier their properties 
would Ik- sue li as to be elec Iromotnc Iv active with a viitual sciliiliccn 
pressure greater than for gaseous h\tlrogeii II is nmre Ilian prob- 
iilile, as Tafel pointed oiil,'* that, on llie disi barge cif liydrmn'-, the 
livdrogeii atoms subsecpientlv lead to foini Ihdrogcn molecules on the 
surf,ICC If the metal exerts a marked i.ct.ihlii .icmity lor the 
siirliiee refomhination <if hydrogen atonic, the (oncentiation of atoms 
on the siiifaee will at all times be low Thus the oxcr-polentMl. winch 
IS a measilie of llie conceulr.ltloii of the elec troinotuelv livdiogen 
atoms on the snrfac e. will be .small loi metals (c .il,il\ In alh .iclne) in 
jacimciting the muon 



Tins view III sexcTul inoditicd foiiiis has been supported b\ tbe experi¬ 
ments and I oiisiclerations ol Ibiiu loft,' lien net and 'J'liompson,^ Kideal* 
and Weslii]','" and others'^ Metals with liigli over-\olt,iges will 
pos.scss a liigli smfaec' coliccnfialion of bound lixdrogeii .itoni' when 
inrri'iil is liowmg They will liaxe oiil\ ,i small lendeiny Ice ilis-oc late 
hydrogen nmleeiiles and will thus exert but a small eatahtie aetixity 
for hydrogenation |irocc'sses m whn ti the ac tnatioii of the hyclrogeii is 
necessary 

' tVicurif </<r liccme. y tcl'l ^ /.nlvh j;/iv'iilccf < hfi’} I'HJ'J SS iiU 

t ./ l/Hcr I Inm Sir *l,,lai, I'ljcl 42 I'N 

‘ .1 Ihnu ■■'IK laili 109 lO'U IM'I, I'l.o 121 : J Am.r I'him SV-c ia.'l),42 iXNl? 
Trii}i^ y.iriul ,S.* , llll'l, 16 , Ua 

^ I'-ul I'IJS, 123. ITJ>. .’Ii.:t> ® /■<i'h iM'iiol ' *.»<. I'.H'o 34 J"0 

' .1 I’hi-iCiilLhoa !'lia20-.Wll " IM I'.Uu. 20. .’•Si 

■ J liMcr (An./ .s,»-, I'I,’C),42 <ii / (Aoii ,s.« . la.'J 125 !IL‘ 

" llcinlux'ltc r, /oMi /.Ay-ilccl (Aon , Jail. Ill, IW 
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It [TOM' I'f iiiti-nsi to iiK'Jisnrr lln- nit<’ of (Irony of iht' 

h}(lro;'rii ()V(‘r iM.tciitial willi the luiic in otdcr <o olilaiii a m'-asiiro of 

till' catalvtu- fllicifiicv of I lie \ nrioii^ nirtiils, I'M' ... * liaa i^howji 

that in tlir ia''(‘ of tlir (atahlic (ic('oni]'o,sitioM of nasroiis aloinio 
liVfiroot n tin- cataUtn' i ni' irni i<'> of various jiwtals arc in the onlcr 
anticipated fr»fni tins li\ potlicsis as to llie oricin of llie over-potential. 

Acconlinu to the jneasureiiieiil'. <»f Knoltcl. Caplaii. ainl Kiseiimii,- 
the iimitiii}: value for the over-voltages of all im-tals except ;»ohi. silver, ‘ 
and platiimni is \-:\ \oll^ at Iniili enrient densities It is possible 
iliat under tlics'M-ondilioii-* d I ulieiice 

I ^ H I 1 

lo{I I-.1 volts. 

r f H 

^ivinp a value of .‘Wl.lKlO cals |)cr j;rnt.-iitoni for the free eiierjzv nf the 
adsorbed liydrogen atoms in excess «d lfii‘ ordinary hydroffeii eler^trode 
datum as standard. 

The work of Haber’* lias indiealed liiat the eatlio'le ))otcntial U 

1 f,f |,. 214. * Trim'' .Iwio KUhnifhi m ,S>ic , i3. 

» '/.fit-'h Khl:lT<Kh'>H . ISIIK. 4. eOO; '/.niHfh ('hon . I'.KMi. J2, I7:i. 271 , tuid , 

1904. 47, 2H:t 
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\ lbe'"determini)ig factor in tfio reducing power of electrulytic hydrogen:^ 
By careful adjiistincnt of this value he was able to isolate a great 
variety of compounds hy the simple reduction of nitrobenzene m acid, 
and alkaline electrolytes, acenrding to the following schorao 
VAL NO, 


- ^('JLN N(.'A 


CJff, NO 


y’Il,N--N CJI, 


(Ul, NH OH - 


NHj 0„n, Nil UN ('4k 

Utilising a 2 per cent caustic soda finliition as electrolyte, Lob and 
Moore olitaineil tlie following results 


Ui'i trcxli’Miilf'fUl j OviT-\oi[a|ii‘Vilui ! I’fciiliid 

I’l. Ni I OTiOja I A/n\vl)i-ii/ont' 

ri>, .Sn,/',!! I OHn.'iS, 0 70 I Aii'ilM'iucnc 

I'll I OKI J Aniliiin 


I 


The production of aiiiliiie, liowever, ]'roceeds most riijudlv in an acid 
eli'etrolyle using a lead ^ or zinc calhodc ® 

TJ/c rffrrl oj m/e/i/.s adiht to Ik di'choli^h'- It wdl be uoled that 
the catalytic activity of copper in the reduetnni ol iiitrobcn/enc to 
aniline is soiiicwhal anomaloiis in view of ils re|,iti\cly sinnll over- 
])olentiiil 

This pomt was investigated in detail by Clnh'soti and Tafcl,'* vvho 
noted that metallic copper itself could rapidly elTect tlic redmtion of 
phcnylhydrowlumine to aniline wuli the formation of cupric ions m 
solution Tims, tlie copper electrode is [iiiicliotiing as a reducing 
agent, iiot only bv reason of the hlieratioii of hydrogen at the surface 
but by actual soliitimi and rc-(le|K)Sitioii of the metal 

C» + 2'H<i W 

It ferrous salts be added to the electrolvte, a simitar catalytic 
actn tly is noticed ^ Thus, ferrous loiia ate oxidised to ferric ions by 

' ,Si' uk) H (luWxchiiii.it, y.riXh Klrllrofhem. !!>*', 7, 283, NVmxl, ZfitvJt /ntjmlul 
CAft» IDOI. 87, ,V2. and llninii' r, M ,W 

• W>1>/cii«A A’lxilrwAxMi lSy9,8,430 » Elbs. CAon ISM, 17, 20S , 

' /fiivA A'lxIifufAm. llNii, 7, T()S. aonf? rA«iB. IBOi, 21, 28'* 

* Fariiiiii, J i’AjoKal 1912, 16, 219 





ilion of the phenylhydroxylamiiio, whilst the ferric ions thus' 
;'.^ormed are reduced at the cathode surface. In those eases where the 
^eathodic potential is not sufficiently high to deposit the ions of the 
'^Wded salt, it is evident that unless precautions be taken to si 4 >arato 
J'jjatholyte from anolyte a carrier action between anode and cathode 
::may occur by which current may flow by im‘ans of tlie alternate 
Oxidation and reduction of the polyvalent ion, thus: 

Fe‘* + 0 Fe“*. 


. This species of carrier action is frequently observed in eleetro-cbeniical 
.pfoceascs, e.g. the presence of 0*1 ]>er cent of ferric salt, a very common 
impurity, in carnallite is sufficient to reduce tlie current efficiency in 
the production of magnesium by more tiian 20 p-t c('nt. Carrier 
'action is also frequently made use of in tiie electrolytic deposition of 
metals when divided cells are employed for electrolysis. 

In the electro-deposition of co]))>er, ferric 8ulj)hatc is frequently 
. employed as a leaching agent for roaste<) copper ores. A solntton of 
cuprous and ferrous sulphate is thus formed from which co])per is 
deposited in the cathode compartment of a cell, the sp<'nt liquor con¬ 
taining ferrous sulphate being returned through the anoile compartment, 
where it is rcoxidisod to the ferric state prelinumiry 1o the treatment 
of a fresh batch of ore. 

*5 Tafel’s experiments ^ on the electrolytic reduction of nitric acid to 
; ammonia at lead and copper cathodes also indicate that copj)er ex»*rts 
an anomalously high reactivity; in this ca.se ehs^trolyfic^ retluction of 
nitric acid proceeds as far as iiydroxylaniinc. whilst tli«* second stage 
in the reduction process is jierformcd almost cn(irely hy the carrier 
action of the copper, f2-.0. A niirnher of procesHes have 

been devised for accelerating the j)roc(‘s,s of <‘lert.ro)ytic reduction hy 
.'these means, primarily using snitahle <'iifhode nuiterm/ (o obfain the 
requisite catliode petential, and secondarily to promote the earner 
..action between electrode and electrolyte by the adilition of nielallir 
powder or .salts of polyvalent elements. 

For example. cop]ter or tin is used in the ejcclndytie reduction of 
0- or p-nitrotoluene to o- or p-foiui<lme,2 zinc in the preparation of 
hyposulphites,^ mercury, vanadium, iron, or titanium in the electro- 
,rl^ic reduction of in<ligo, titanium being frecpiently used in the reduction 
of quinono to hydroquinone. In achljtion to tlie phenomenon of 
-"hydrogen over-voltage at the edectrode aivl the possibility of ionic 
'cftfrier action by partial solution and re-precipitation of the metallic 
*. ^ectrode, the metal itself may exert a specific catalytic e(fi‘ct in tin* 
*j^duction jirocess. It is reasonable to assume tliat, .since varirtus 
exert a catalytic influence on the rate of combination of the 


* llTODT/iaua. 

» Jfllim-k, XeUarh. KUkirockm., 191 1. 17. ir»7. anti U 11.1'. imW/KlOl > 
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discliarged hydrofifii. thoy may also affort the altoriiativo reaction 
between the atomic hydrogen and the depolariser 

Tims, the reduction of clilorates to clilnrides firoceeda sinootlily at 
an iron cathode, wliicli is superior to platinised [ilatmtiin in thus respect 
We may regaid the catalytic activity of the iron to be evident m both 
the cathodic proeivsses 

(a) The combination of atomic hydrogen to tlie molecular state. 

[h) The reduction of the chlorate ion liy the atomic liydrogiui 
‘2H-i-CIO'^ HO'a I i 2H - > f1()' ■> VV 

Tn this lase the second process, the roilmtioii ol the chlorate, is 
accelerated hy the iron, whilst, as sJionii by the o\er-potentiai value, 
the aeielerabion ol the ])rodiieti(Hi of moleiiilar hydrogen is distinctly 
inferior to that of platinised |)l,itiiium 

Th(' addition of cnlloulal materials to simple electrolytes a.s well as 
the Use of eomplev' eh’etrolyles has marked ellecis on the nature of 
ilepiisiteil metals and alloys , a disiaission, however, of the iiiei hanisin 
bv wliieli the physiro eatalvtic inlliieme uf .siicli additive agents on the 
rate of crystal growth in the deposittnl metals is efTeeted is .somewhat 
heyimd the |irovmeo of tins volume, ami the nnider is ri'ferred to slaiidard 
books on i.olloids and eloctro-eheiiiistry foi the full ilisciission of this 
matter 


AnoUK' flMDA'ilON 

In t)i(‘ diseharp' of anions sm h ,is OH' and the halogens at metal 
surfaces, tlie plienoineiion uf ovei-coltage has also been ohserced As 
a general rule the ov'cr-|)ctenlial values ohlamed .it the anode are 
smaller than the i'orres|iondiiig catliodn values, nr the ealalytii a< livity 
of the anode maf'Tial i« eonse(|U('jitlv higher 

The following values were obtaiiu'il by ('oehn and Osaka m acid 
snlutaon,' and by l'’i)erster in an alkaliiu' electrolyte'^ 
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Foerater assumes the phenomena of anodic over-voltage to be due 
to the formation of an unstable oxide; ^ in the case of platinum a solid 
solution of the oxide PtOj^ in the metal is formed and a steady value 
for the over-potential is reaclu'd when e<piilibrium is established between 
oxide formation and decomposition. 

The. magnitude of the over-potential value is thus, according to 
Foerstcr, determined by the stability of the peroxi<le. 

An application of the high anod<‘ over-potential value at a platinum 
surface is noted in the pre[)aration of hy|iocldorites from a neutral 
aqueous solution of sodium (diloride. 'lln* <‘lectrode potetjtial of 
chlorine at one atmosphere in normal sodium chloride solution is about 
-1‘37 volts, whilst that of oxygen is only soiiu* -0-H2 volt. If it were 
not for the high over-potential value for oxygen rising to voltages 
greater tlian - 1*46 volts under a liigh current density and with a cold 
electrolyte, the preferential liberation of chlorine would not take place. 
Tlie electrical efficiency of hypochlorite ccdls in which gra]»liil<' ch'ctrodes 
are substituted for the more expensive platinum is usually somewhat 
low, part of the loss being due to tlie hict that tlie oxygen over-potential 
at a gra})bit(' anode i.s only sufficient to raise tli<’ clectro(l«i potimtial for 
oxygen discharge about ti'Or) to 0*1 v<tlt above tliiit r(‘quired for the 
liberation of chlorine. Dony Henault ^ was able to elTe<-ttlie electrolytic 
oxidation of ethyl alcohol in sulphuric acid solutions either to acetalde¬ 
hyde or to acetic acid by a rigorous control of the anode pf'tential, 

= volts in the former and l-Gb volts in the latter case. 

The ojfcd of ((f)viils mhJi'd Id the t'h'elrohfU’. -As in the cases of 
electrolytic reduction, the addition of catalytic salts to the anolytes 
with the view of increasing the rale of oxidation as well as the elect rical 
efficiency of the process has }>eeii the subject of various investigations. 
Amongst the more imjiortant polyvalent metallic salts which have been 
used for this jmrpose are tho.se of vanadium, uranium, thallium, 
manganese, chromium, cerium, and occasionally cojipcr, as well as 
certain anions, such as the halnlcs, e.sjtecially the fluoride ion. 

In the electrolytic oxidation of sulphuric acid, susjxmsioiis of anthra¬ 
cene to anthrn(|Uiiionc, ccriiim sulphate, or chromic acid are usually 
employed as catalytic, agents: 

tv,(SO.,) -> (VfSO,),. 

Cerium sulphate * is much more active than chromic acid, and may be 
employed in a cell with no diaphragm between anode and cathode. 
With chromic acid, on the other hand, a divided cell must be emplwyed 
to prevent cathodic rixlnction of the eliromic acid. Since tli<‘ electrolytic 
regeneration of the chromic acid dex's not usually kecf) pace with its 

* Ze.ilMh. phymknl. Vhem , HlUl, 89, . Zeilsch. Elektrochmi., nUU, 16. 3M. 

* Scp Uriiln*, ihui , 1910. 16, (121. ’ ® Klrklrrylifm., UHM), 6, 5.13. 

^ Soe Lc Blatio, Zntxek. Kleklrochtm , l!KM), 71, 2!>i).3. 
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reduction to chromium sulphate by moans of the anthracene,"' the' 
electrolyte containing the catalyst must be submitted to electrolytic' 
oxidation from time to time 

In the proparatKjn of per-salts, such as porsulpbatcs, percarbonate*,-'' 
or perborates, the addition of a small quantity of a fluonde greatly 
enhances the yield^ In this case, a high anode current density is' 
usually employed with a metal cxhilnting a high over-potoDtial value, 
for oxygen .siieli as platinum, the function of the diionde ion is un* 
doiibtedly to assist in elevating the value of the anode potential owing 
to the high value of its discharge potential In the Plante process of 
foniiiiig tlie positive electrodes of lead accumulator jilaP's, the addition 
of small (|uantities of the chlorate, ion considerably accelerates the rate 
of formation 

Manganese salts ^ arc likewise frequently employed to accelerate 
processes of electrolytic oxidation in organic comjioiiiids, such as the 
conversion of aniline to quinoiie 

As in cases of electrolytic rediietion, the nature of tin* anode nuterial 
has a considerable influence on the yield, apart from the value of the 
oxygen over-potential or the eflcct of solution and re-preeipitation of 
the metal 

Brand and Ramsbottnm^ noted that the oxidation of inaiigaiiates 
to permanganates proceeded more elhciontly at nickel electrodes than 
at iron anodes, as suggested by Askenasy,'* in spite of the lower oxygen 
over-potential of the former metal Aocording to these investigators 
the mechanism of the oxidation is more coiui>lieated than a simple 
process of ionic transfer 

MnO/ jVrii 04 ' -I- 

and it appears that the presence of oxygon or a siipeioxide as a catalytic 
agent us essential for a high electrical eificieiicy Muller and Soller® 
observed the specitie catalytic action of lead peroxide anodes m the 
oxidation of chromic salts to bichromates, (V ‘ —> CrfY', a marked 
selective depolarising action of chromate solutions being obtained at 
the jieroxidc electrode, whilst at the surface of a platimuii anode the 
electrode-electrolytic potential difference was actually raised by the 
addition of chromates Load peroxide anodes, according to MiilltT,® like¬ 
wise exert a catalytic action in the oxidation of lodates to periodates f 

10 /^ 10 / 

In various processes of electrolytic oxidation in organic chemistry 
load peroxide anodes also .exert a marked sjiecific mlluence Thufl) 
p-nitrotoliiene can only be oxidised to ;emtrocre,so! at platinum anodes,' 

‘ Sec Miilior ami Fricdbirgrr, Zrtlvh Elfklmchem. 1002, 8, 230 
’ lillP il7129/19C« * J pr Chem. 1010.88, 336 

* Xri/jfA Ekiircrh/m, JOIO, 18, I'O Ibid, 1003, 11. R63 

‘ ZeilKji Elekirochm, 1004,10, 61 
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but with lead peroxide as anode material, in spite of the lowcr oxygen 
' oyer-potential, an almost quantitative yield of p-nitrobonzoic acid may 
be obtained. 


Passivity 


According to Nernat we may attribute to all metals an electrolytic 
solution pressure, characteristic of the element. The difference of 
potential existing between a metal of electrolytic solution prcssuns Ep, 
immersed in a solution of n valent ions of conemitratioii T, is, as we 
have noted in the case of the hydrogen electrode, derived from a similar 
formula : 


uF ” 


Ep 

O' 


It follows that when a certain definite anode eh-ctrolyte dilTerenee of 
potential is exceeded, solution of tin* metal should occur, and likewise 
above a critical catholyte-catliodc potential dilfcrcnci', precipitation of 
the metallic ions should tak(‘ place. 

We have noticed that both hydrogen and oxygen show (‘xceplions, 
the magnitude of the excess or over'])otential above the theondii'al biung 
dependent on the nature of the electrode. Jt is (‘xtremely |►robablc 
that similar cathodic over-potential jihenomena are to be found in the 
electro-deposition of metallic ions, hut the magnitudes of tlu'se dis¬ 
crepancies are usually extremely small. In the case of anodic solution 
of the metals, on the other hand, over-jtoientials may fn'qiiently assume 
quite large values, indicating a case of retardation in th<‘ anodic process ; 

M 4 (+) - ^ M. 

TJie characteri.stic value of the clcctrolytiir potcnti;il of a metal in a 
solution containing its ions is greatly inflinmced by iIk* pn^scniai of 
other electrolyt(‘s in the solution 

Cases of catalytic acechTation m the n-action M t-(l-; -> M are 

extremely rare, although in the ease of tlx; anodii; .solution of tungsten 
metal the addition of hydroxyl ions appears to exert a catalytic activity 
in this direction 

The investigations of the more rommon cases of negalivi! catalysis 
in the reaction M + if) — > .M, resulting in an apparent rcdnciioii of the 
electrolytic solution prcs.Hurc of the metal or an ennobling or passifica- 
tion of the element in thi^ solution, are v(!ry eximisive. 'Phe meidianism, 
however, by which jiassivity is brouglit about has not yet been 
thoroughly elucidated. 

Keir ^ first observed that iron wliicli hail been treated with nitric 
acid lost its jiroporty of jirt'cipitating metals siieb as cojiper or silver 
from solutions of their .salt.s. SelKinbeiii obtained similar results with 


» I’ogif. Avn., 37 , S40 , JS;J7, 63 , 41 . 1838 , 43 . 103 . 
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‘ Phil. Trans., 1790, 80, Sfly. 



won wnich hafl "beftn made the anode in "an electrolytic cell. - ne like 
'-wise introduced the term “ passivity”. In the same year Faraday- 
advanced the so-called oxide him theory of passivity Faraday sug 
gested that the passivity of a metal was essentially due to a surface 
oxidation process m which an invisible film 0/ oxide was formed on 
the surface by immersion in oxidising solutions or by electrolytic, 

Later investigations have shown that many other metals exhibit 
this phenomenon, notably nickel, cobalt, chromium, platinum, tungsten, 
and molybdenum, whilst nearly all the other metallic elements possess 
the property to a minor degree 

The work of Haber and Goldschmidt^ ou anodic polarisation m 
alkaline solution, of Muller and Spitzer'' on tlie anodic polarisation of 
oxide films of iron cobalt and nickel, of Krassa ^ on passivity in strong 
alkalis, and of Griibc on the elcetrolylic oxidation of ferrocyaiiides at 
metallic anodes all leml considerable ,siip))i)rt to Faraday’s tlieory 

On the other hand Muller and Komgsherger® eould not detect any 
dillereiK-e in tlie reflecting powers of an .active cathode and a passive 
anode, whilst if an anode liim of even iiioiecular ilimeiisioiis had been 
present they stated tliat they would have lieen able to observe it 
Frcdeniiagen pointeil out ’ that the oxide film theory appeared in¬ 
compatible with the fact that the anodic potential of active and passive 
metals could assume apparently stable mtermodiate values, whilst 
Finkelstcm ** could find no evidence of an oxide film by measurements 
of condenser capacity Although all these critieisms have been ably 
met by the defenders uf the oxide {dm theory, vet the alternative 
theories of Finkelstein and Le Llanc have both received considerable 
support 

According to Finkelstemand Kruger*'* the active and passive 
forms of the element are due to the |)rosenee of modifications of dilfercnt 
valencies in the electrode Experimental proof of th(“ existence of 
these modifications is wanting, nlthougii Hittorf** noted that active 
clirominm dissolved in the divalent form, wliilst passive elirommm 
only went into solution 111 the hexavaleiit condition 

Various investigators, on the other hand, have rejected the mechan¬ 
istic theory of Faraday and the allotropic view advanced by Finkelstcm, 
and have sought an explanation in the elfect of catalytic acceloratioa 
and retardation of the, jiriinary anodic reaction ' 

M + 0-^M—>M nHjO, 


' /'ill Motj, 18M, 9, .'ll! * ZciIk/i t'lrilror/ifm . I9U6,12. 4il 

* ZdWA anorg /'Afni, 1906, 60 , Kl iSoe also Cohin,/’w /C Ahirl Uelcrm/t Amti, 
'19U. 17, 0811 

* ZfilxJi Klfklrnrhan . 1900, 16 , 490 * Idm 

* Ibid, 1907, 13 0,79 ’ Ibid, 1009, 16 , 440 

« Ibid. 1909, 18,490 * Ibid, 1907, 13 , 0,79 

” Ibid , 1004, 10 . 832 “ ZeibeA physikal Ckm , 1900, 34 , 396, , 




fl ori^alty propounded by Lo Blanc,^ who sought a solution, ill 
^he relative speeds with wliich the ions were removed from the metal ’ 
^iHabe by hydration: 

ifi+MbLO—>M,nir,o. 


' Activation of a metal would thus entail an acceleration of ilie process 
• “of hydration. 

Sackur ^ rejected Lo Blanc’s hypothesis of direct catalytic retarda- 
-tion of the primary anodic reaction and suggested that every metal, 
. being in equilibrium with the hydrioii in the solution, must of necessity 
/■contain some dissolved hydrogen: 

2M + 2H:/?^2M + H.,, 


and passivity phenomena were caused by tlic slowiiehs of the reaction 
between the dissolved hydrogen and tlie liberated anion. I'’reden- 
hagen, Muthmann. and Krauenberger^ attribute pas.sivity.plienoiuena 
. to the 3lowncs.s of th(! reaction between tbc metal and the drscdiarged 
anions: 

4M + 0, 2,MjO ±/ 451 + 20", 


which results in the aecnmiilation of g.ascona oxygen in the <’leetrode. 

According to Foerster * all normal metals exist in the passive con¬ 
dition and only become active in the iiresenoe of a catalyst, whemee wc 
-obtain a direct stimnlaiion of tlie ]»rimary process of anodic, solution : 

Evidence is given for assuming that molecular hydrogen is an active 
catalyst, whilst Grave, contends that the hydrogcTL ion is the primary 
catalyst in this reaction, since molecular hydrogen does ]iot restore the 
activity to passive metals. 

As a general rule, although intermediary values of the (.leetrodc 
potential hetween tlie .active and tlie passive forms can be, olitaine.d 
and appear to he stable, yet aetnal transition from active to passive 
form or vice versa ran freiinently he aecomplished with great rapidity, 
e.g. by touching passified metals with active metal. Schdnbein, 
Ostwald, and Fecimer noticed oscillations in both the ga.s discharge 
and the electromotive force of a cell formed of an active ami a passive 
Itrip of the. same metal. The periodic cliaracter and the influence of 
.certain added electrolytes arc strongly reminiscent of ISredig’s experi- 
tments on the periodic decomposition of hydrogen peroxide at a 

^ Zctlach. physikal. Chem , 48. .'>77 , 

* ZftUck EkklrMhem., 1!)0R. 14. 012; ttfo at«(. Ifulnr aii<l Z,iwn<btki. physical 

<!kem., 1911.18. 228. 

» ZeU«h. phj'itM. ChfM.. 1903, 43. 1; 1908, 63. 1; S,tumj>ihrr. K. Akad MAiu-Mn, 

1804, 38, 201. 

. , A Abh. d. Bnnwn. Omlhchujl. 1900. 2 ; Zeitwk. KUhrochm., 19I«, 22, 85. 

>'• * Zeilxh. physihil. Ckem., 1911, 71, 573. 
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mercury Burfacc and of the electrical pulsations oKtained by Dewis 
with mercuric cyanide ni a capillary electrometer ^ Ostwald, as has 
already been noted (p 389), obtained a similar periodic evolution of 
hydrogen in the anodic solution of chromium ^ It must bo admitted 
that both the Sackur and the Fredenhageii-Mulhmann hypotheses 
apfioar very like the Faraday theory m the guise of lomc nomenclature 
Consequently there remain only three theories of passivity which may 
be regarded as fundamentally <iiifcrent in idea 

(rt) The passivity is due to the jiresence of oxygen in the electrode, 
as originally suggested by Faraday The oxygen may be present iu 
solution as an alloy or as a coinpoiind, jjhennmeiui such as siiper- 
satiiratioii accompanied by the sudden evoliifion of oxvgen in tlie form 
of a gas him or liberation of an oxide as a se[)arate pliase iiiav take 
jilace under conditions which indiiri' a Ingli degne of [lassivity The 
oxide 01 oxygen alloy him appears to l)i‘ poioiis to the electrolyte or 
electrically conducting when formed under (oinlitions mdncmg a low 
])as.sivity This view has received (onsiderahle support Uv recent 
investigations on the passivity of metals in alcoholic elecliolytes * 

(h) Passivity IS caused by the absence of a cataivst or the presence 
of a n«-gative eatalyst in the electrulyti' mdiicmg the rapid hydration 
of the disehaig<‘d metallic anions 

M i ii(II/)j M, iiiUi 

A rapid acoiimnlalioii of mm-liydrattnl urns VMiuld thus take [jlaec at 
the electrode surface, resullmg in an me reused pcilnnsation 

Tins view, oiiginully suggested by l^e Bl.inc, oilers a ready iiiler- 
pri’tation of the citcct of colhiidal additive agents and of various alka¬ 
loids enhancing the passivity in sohilioii The presence of oxidising 
agents IS thus not neeesNary to produce the [dieiiomenon of passivity 
It may hi' noted that active pijlyvalent mc'tais aluavs dissoKe in 
the form of the ions of louest valency, and i1 iiiav he nasonahtc' to 
assume that sndi ions hydiate with a gie.tlet sjieed tli.in lliose ol higher 
valency, further, since a high degree of ))assi\it} juodiKed liy tho 
chemical polanwitioii of the unhydrated mns is associated with the 
presence of an electrical cloiible laver due to tlie charges on the ions 
between tlie c'leclrode and him oi electrolyte in jiixlaposition to it, we 
may iiostiilate Itiat such a doiihle laver may act as a condenser during 
discharge, thus accounting for the oscillatory nature of the rate of 
solution of passive elements, as noted by Ostwald Although ca|iarity 
measurements to jirovi; the existence of a eonch'iiser foriiied by such a 
double layer liavc yielded inconclusive results,^ it might be c'ogeiitly 
urged that tho condenser ]ikte m the liquid phase is extremely mobile 
and easily destroyed, thus precluding any such measurement 

‘ .sVv. 11112 8. 22l> ' Znl^h i.hr’i.il rhm . I'uru 35. as 

•’ l/^ar|s<lKV, ./ nut' Ckrm Sne, 11115, 47. IJ.H 
* Si'i' Scluilic, Zrilirh KMlrvcIievi, 11112, 18, J2li 



CATALYSIS IN ELECTRO-CHEMISTRY 437 


(c) Passivity is the normal state of the elements, and activation is 
caused by the presence of a catalyst accelerating tlie velocity of the 
reaction: 


M 4 ® 


M. 


According to Foerster molecular hydrogen is sucli a catalyst, hut more 
recent experiments have shown this vit*w to be untmiahle. Grave’s 
argument that the hydrogen ion is a 8])eciHc catalyst for 1 liis reaction is 
open to serious criticism. It give.s no explanation for the pas.sdying 
action of nitric acid or the increas(‘d activation in tlu' |)reHene(' of }iali<ies, 
since the possible influence of the anions is not included in Grave’s 
hypothesis. 

Hittorf likewise noted that chromium nanlily became, passive iu 
hydriodic acid, ami there, is no simjtle relationship l)e( W(‘i‘n increasing 
activity and increasing liydrion concentration. 



CHAPTER XVr 


CATALYSIS PY RADIANT ENKHGY 

The incroasing stuily of the iiiflui'tioc of the various forms of radiant 
energy in tlie promotion of cliciiucal reaetion is reNulting in tlio accumu¬ 
lation of a considerable number of processes in winch the catalytic 
phenomena are completely manifest Tliey inav be idiaraetensed m 
general by the transformation of tlie radiant energy, most freejiiently 
from a higlier to a lowei vibrational fn-cfiiency, with a simultaneous 
acceleration of reaction between the initial cunstitiieuts, to yield the 
same end-products whieli result at a lower rate from the mamfestation 
of the ordinary ciiemital forces of tlie system when uniiiiliienced by 
radiant energy 


I'llOTeiCATAL\TlC RlaI’TIuNS 

Of such calalylic reactions, those imliieed by liglit may first be ' 
considered They comprise a most jm[>urtatit subdivision of plioto- 
clicmical reactions, and from a study of several sinli pliotoiatalytic 
reactions much of the knowledge of [diotocliemieal phi'iiometia has 
been derived It is necessary to make quite clear at the outset the 
criteria of true plioiocatalytic reactions, since, otherwise, considerable 
confusion may result, light reaitions being frequently complex and 
comjKisifce of several separate and distinct processes I’hotocatalyUC 
reactions, in common with all catalytic processes, will yield the same 
end-prodiicta as the reaction unassisted by the catalyst The photo-, 
catalyst, tlierefore, accelerates the promotion of the ordinary eqiiihbnuiQ 
of a reaction This criterion rules out a number of reactions winch on 
cursory examination might be regarded as jihotocatalytic Thus the- 
ozonisatioii of oxygen at tlie ordinary temperature by ultra-violet light 
IS hot a catalytic process‘ The reaction proceeds away from tlK 
chemical equilibrium at the giVeii temperature The change is ef[ect«d! 
at the, expense of light energy which is converted into chemical energy/ 
an exact relation existing between the light energy absorbed and tW 
chemical energy produced In the dark abo the ozonised 0x^65^ 
decomposes again to oxygen, and the original state is quantitatively. 
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^|i&clied after a finite interval of time. Similarly, the j)liotochenucaI 
^■'■processes occurring in all plant life are frequpntly.an(l wrongly assumed ‘ 
I'to be photocatalytic. Chlorophyll is not a catalyst of the processes of' 
^ assimilation, since these are in essence the reduction of carbon dioxide: 

a-C02 f + light —>- 0^ + J-Og, 


c and at the ordinary temperature such a reaction is opposed in direction 
to that brought about by the operation of the ordinary chemical forces. 
Chlorophyll, therefore, must itsedf take })art in the reaction. Not so, 
however, with certain other processes. Tims, for example, hydrogen 
and chlorine combine in the dark to yield hydrogen chloride. If the 
original system be suitably illuminated, rcaclion proceeds much more 
^rapidly to the same end-product. It will be shown* later that then; is 
' frequently an absence of proportionality between tlu' light energy 
absorbed and the chemical energy produced; that is to say, a small 
amount of light is capable of bringing to reaction eonsiderabhi amounts 
of the initial system. 

Recently the term “photocatalysis” has been applie<l by Jlaly^ 
to reactions which are, in reality, cases of phuiosensilisatioji. They 
include the processes of carbohydrate synthesis <liseussi“d above and 
other reactions which are opposed to the normal free ent^rgy factors; 
but they also include photosensitised spontan(;ous rr'actions, as, for 
example, the photodecompositiou of nitrogen pentoxide. Tiie pure 
compound is not sensitive to blue liglit, but becomes so when some 
nitrogen dioxide is present to absorb this blue light.^ Such sensitisa¬ 
tions of chemical reactions to light by admixture of light-adsorbing 
agents have been known for a long time. Their most im])ortant use 
is in the sensitisation of photographic plates, by bathing these in a 
suitable dye.® They are of importance also in biological processes, 
since, as was shown by Tappeiner and Jotllbaiier,^ bacteria can be 
rendered sensitive to illumination by treatment with lluorescent 
substances. Woigert .diowed also that in gaseou.s system-s such 
photosensitisation could be j)roduced.’'’ 'rims phosgene, which is a 
colourless gas absorbing in the ultra-violet only, can bo made sensitive 
to visible light by admixture of chlorine. Tliis latter ga.s also sensitises, 
to visible light, the decomposition of ozone, the combination of iiydrogen 
and oxygen and of sulphur dioxide and oxygen. It is eminently 
desirable to group all such i^rocesses under the general term “ photo¬ 
sensitisation ” rather than to caU them, with Baly, ca.ses of photo¬ 
catalysis. 

The hydrogen - chlorine combination. -IIistorically regarded* the 


^ BrU. Askoc. Rf-purts, “On Almoriaion S|)cctra’'; Baly, UciIImii, ami Barkt-r, 7. Chem. 
Soe., 1921. tl9, 1026. 

* i)anic‘l8 and Jolmslon, J. Anicr. Chm. Hoc., 1921, 43, 72. 

* Vogei, Ber.. 1873, «. 1306. 

■' * Dii ntnuibilineftnde Wtrkvng fluorucimnder iitd>slanun, Leipzig, 1907. 

^ ; • Ann. Physik, 1907 (4)^ 24, 55, 243. 
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interaction of hydrogen iiud chlorine is at once the most important of 
photochemical reactions m general and of photocatalytic reactions in 
particular The acceleration of conilnnation of these gases due to light 
was observed as early as 1801 by CriiicUliank ^ The pbeiiottlenon 
received further investigation from (iay-Lussac and Tlienard,^ and 
from Dalton,^ who showed tlnit the reiiction could proceed with explosive 
violence A (|uaiilitativc investigation W'as undertaken liy Dra))er * 
and yielded a most important contribution to pbotocliemical knowdedge 
Thus Draper eiiunciateil, as a result of his iiivesligations, Ins now well- 
known Law (if Absorption, which mav be expressed brieily in tlic 
statement that “ Only those light rays which are absorbed by a ebeiniral 
system aie iihotochi'innally activi' " Tins law bad prevmnslv lieeii 
stated, from a theoretical st.uidpoinl, liy Orotlliiis m ISIS 

Drajier constructed an a|>|)aratiiH for nmasuring the intensity of 
tlie absorbed rays, terming it a TliitoiiometiT, uhuh (oiiMsted sirnplv 
of a U-tube closed at one end and iiartially Idled wilb a mixture of 
hydrogen and chlorine (ditained by electrolysis of livdrocblorie aeid, 
the gases lieing stored over bydcoelilone .uid On diumiii.ilioii the 
gases lombincd to form hydrogen clilonde, wliidi dissolved m the 
containing ln[iiid, the alteration in level ol the meniscus giving a 
measure of the liglit energy eon&iimed In the ehissieal researclu-.s of 
Bunsen and Koscoe."’ on the Ipiaiintative value of I lie hvdiogen- 
chlorine reaction, the apparatus of l)ra[K'r was noj'roveil Tlie giisi-s 
W(‘re contained in a suitable vessid with juirullel jilatte surfaces, aiul 
were storeil over wafer satiirateil with the gas imxtun' Measurement 
of tlie contraction occiiniiig on solution of the hciliogeii ehlorule 
formed bv tlie reaction w.uv made in ,i lioii/ontal i ,i|)illary witli att.n bed 
scale, the meniscus being formed by a thread ol walei The displaee- 
ment ot the thread of li<|Uid was gmerned liv the inlei'sily of the 
illiiiniiiatioii and the diameter of the capillary tube, so that by making 
this latter narrow a large displaceiinmt of tlie nieiiiseus t mild be elleeted 
by even weak ilbimin<i.tion A diagraiiimatie represeiitation of a 
modified form of Bunson-Roscoe aelmometer is given m h’lg tl4 ft 
was used bv Iturgess and (’hapmaii in the researches later to lie detailed, 
and jiossosses, in addition, a ilo.it contrivance for registering small 
flnctniitions over long periods b\ means of a lever arm o|ierating a 
pointer on smoked paper. 

The results of the Biinsen-Roseoe study may be summarised It 
was shown that the ordinary laws of optics were applicable to the 
light rays absorbed The reaction occurring was inversely proportional 
to the s([iiaro of the distam^e from the source of illumination The 
laws of rcdection and the B^c^ Lambert Law of Absorption wore 

’ WicAiiliOJi’' gwriw/, 1801 (i ). 5, Ullj ■ 1810 

* Sifilein'ij I'hmieni PhUn.ini‘hii 1811 

< nil Mag . 1811, 19, lt>'i, 1841 23 4ol , 1811, 27, .!J7 

‘ Ana , 18r>5, 96. 1857.100, 101. I85'l y08 
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likewise applicable. The existence of an intiuction period, first noted ' 
by Cruickshank, and during which tlie gas^^s inercasiMi in reactivity to 
a maximum, was exhaustively studied. Bunsen and Hoseex' sliowed 
that the sensitivity of the gases to light was extrenudv small in the 
early stages of passage through the “ actinometer On continued 
passage, the sensitivity increased to a fairly reproducible innximmn, 
attained after three to six days' passage of gas. They sliowed that it 
was necessary to remove air as (completely as possdile. as the [iresence 
of oxygen affected the sensitivity of the gas mixture enormously. Thus 
tlje prescmcc of 0-5 per cent of oxygen lowered the si'iisilivity in the 



ratio of 10 to 1. The induction pi'riod was shown to ilepcnd upon 
the depth of gas-layer illuminated. Also it was shown to lx; shorter 
if the light intensity was increased The h-ngtli of the induclion jierKKl 
was governed also by the jirevious history of t he reacting ga.s mixture, 
being greatest with fresh gas and short if the gases had heen previously ^ 
illuminated. 

The phenomenon of induction has been freipieiitly studied sima; the 
Work of Bunsen and Roscoe, and has led to a complete explanation. 
Pringsheim' attributed the retarding action of oxygen to the formation 
of intermediately formed fiyjiochlorous acid, but Mellor ^ showed tllis 
to be untenable, since neither CI 2 O nor hypochlorous aeid alfected the 
period of induction. The researches of Burgess and Cliajmiaii,^ and of 

* Wted. Ann., J887, 32. 381. * f'kern. .S'oc!, 19X2, 81, 1293. 

s llul., 1909, 89, 1102. 
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* Chapman and MacMahon,^ ('stablishcd conclusively the real causes' of 
^Tie induction penod These workers showed that the existence of a 
jienod of retarded action was always conditioned by the, prcacnce* of 
foreign substances already m the containing liquid or on the glass 
vessels or introduced through the taps It was not a function of 
oxygen content of the gas—this only retarded the reaction velocity, 
but did not affect the length of the induction period Even oxidising 
agents such as nitric acid, hydrogen peroxide, or potassium perman¬ 
ganate had no marked influence on the induction The slightest traces 
of ammonia, however, prolonged the induction period enormously, and, 
with very small amounts, the period was proportional to the amount 
l»resent The compounds NCI3, NOCl, CIO,, and NO, similarly re- 
tardorl reaction enormously, hut, on the other hand, OljO and NjO were 
found to be innocuous, pointing to tlie operation of specific chemical 
reaction with the hydrogen-chlorine mixture Similarly, organic 
nitrogen compomids such as alhiimm acted hlo' ammonia It 'is 
evident, therefore, that in the early period of illumination of a hydrogen- 
chlorine nnxtiiro part of the light energy is consumed m removal, by 
chlorination, of the impurities [iresmit m the reaction vessel and that 
the constant maximiim reaction vehmtv rejiresents a state of affairs 
in which the mtrodiution and removal i>y chlorination of impurities 
has reached .111 ('(piilibruim condition Ohviously, also, if precautions 
be taken against iiilroduction of impurities and those originally in. 
tfie containing vessel he remoMsl by illiiminalion of the reaction 
system, it follows that the imliietmn period wi)iild no longer be observed. 
This was deninnstrati'd by Burgess and (fliapman m a simple quartz- 
glass actiiiomoter, and also by Bodenstcin m a series of researches 
later to he discusseil In the absence of mipiinties of the ty[>c3 
iiieiitioued, the indue lion ))eriO(l completely disappear,< 

Baly and Barker have leceiitlv cLiimed- that complete lemoval of 
impurities does not eliminate entirely the induction period In their 
view, which will be amplified in the subsc<|ni‘nt discussion, the hydrogen 
clilorido produced in the process acts as a source of energy for the 
reaction of further molecules of hydrogen and chlorine As the 
quantity of hydrogen chloride produced pur unit of time inereasos, the 
reaction should become faster and faster by increase in the transfer 6 f 
sucli energy to reactant molecules, a stationary state would be 
attained when an eqiiilibnuin is established lietwcon loss of energy by. 
radiation and transference to reactants on the one hand, and enc^v 
yield by illumination ami reaction on the other It should be eni* 
pbasised, however, by way of caution, that the presence of minute^: 
quantities of impurities m the Buly-Barker reaction 83^stem would !ea5 • 
to experimental results of the type obtained by them, so that evidenoa?-; 
for the correctness of their viewpoint as to energy transfer from 
sultants to reactants should be obtained from other sources WeigeitT.; 


‘ l/oc III, iso#, 97, 84C 
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may Law. influencoil th(i Baly-Barker 

;7j:'fWeigert and Kellermaim ^ have decisively demonstrated by e.vperi- 
;loenta1 methods the existence of an induction pcniod in the liydroeeji- 
yCbldtino reaction—of much shorter duration, however, than tliose 
'•jaeviously discovered. The hydrogen chlorichi produced on illnmina- 
Hion from a momentary intense spark is not produced instiinlimeou.sly, 
but in an after-effect occurring a])proximately ,„ second after illumina¬ 
tion. The purer the gas mixture thi' larger the duration of the after- 
, ^ect. For such an effect to be obs(!rved it is evidently necessary that 
' 8».hydrogen-chlorine mixture be illuminated, since lloderistein and 
Taylor “ showed that chlorine, mixed with hydrogen , see<]ud after 
■illumination of the chlorine, had (piitc lost its reactiutv. This was 
ralao found by Vollmer* for a somewhat longer time interval between 
illumination of the chlorine and admixture with the hyilrogiui. 

A'tKrtiCS.—In the invovstigations of Chapman and Ins co-workers,'’ 
.■%8 in most of the later work on the hydrogen-chlorine rnietion, the 
-.technique of Bunsen and Ko.scoe has been followed. The limitations 
of the actinometer for purposes of investigat ion an; marked. lioden.steiTi 
and Dnx,‘ however, by the em|)loyment of an iiigenioiis methoii of 
measurement of reaction velocity, contributed materially to the suhiUon 
of this i)roblem. These, workers adapted a method of measurement 
‘ which eliminated the necessity of employing water as ahsorboTit for 
the hydrochloric acid formed. Instead, the. progre.ss of the reai-tion 
under illumination was followed by freezing out with liipiid air the 
residual chlorine and tlu' hydrogen chloride formed during exposure 
io light, the partial pressure of the unused hydrogen being then measured 
at temperatures debirmined by means of an oxygen tlierniometor. In 
this manner the photochemical combination of hydrogen and chlorine 
in varying molecular jiroportions, and with variahh’ concentrations of 
oxygen, hydrogen chloride, and water vapour, was exhau.stively studied. 
It was thus established that: 

(1) The combiiiatioii of liydcogeii and chlorine under the influence 
of light is a reaction of I lie .second order, the velocity being proportional 
■ to the sqtmrc of the rblorine eoneentration. Hydrogen is witliont 
influence so long as it is present to the extent of at least one-ipiarter 
.fit the volume of chlorine. At smaller hydrogen concentrations the 
velocity decreases slightly. 

gi(2) The hydrochloric acid formed is without influence on the velocity. 

,S 

Zeitsch. phyaikitl. Chevi., 1UE3, 106, 428. See also Marshall, J. Vhystcal Chtm , 1925, 

1463. 
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CR. 

(3) \Vat«r vapour within certain limits (0'004-‘2-3 mm) is also 
without iiirtiu'iice 

(4) Oxygen retards the reaetion in such a way that the velocity, at 
all stages of the combination, is inversely proportional to the con¬ 
centration of oxygen 

It is obvnuis that the oqnatioii of the reaction of the system may 
therefore be represented by the exjiression 

d|2H('ii_ u(y 
(// ■' (I.. ’ 

where the quantitn'S in brat kets deiioti' eoneeiilialioiis of gases. Tq the 
light absorbed, jiiit proportutiial 1o reaction late in agicemmit with 
liiinseii and Ro*coe, l thi’ leaelion time 

(haimian and Whistoii' dispute the conclusions of Ibidcnstciu and 
Dux and ascribe their results to the operation of inhilntors in the 
rcfiftion system A recent study of the kinetics by M (' V t’liapinan* 
leads to the following coiieliisions ' 

(!) Tlie ia1eof l■otlllllllatlotlof llie hydrogen and chlorine, in mixtures 
of electrolytic liydrogeii and chlorine and oxygen, is imarly inilependent 
of the pressiiri' of the gas 

(2) III mixtures in wlinli the coneeiitratnois (pf tlie hydrogen and 
IIh’ oxygen are kept constant, tlie rate of (oiubmation is 

(d) I’rojiorlional to the lirst powei of the c(Piicentral ion of llie 

chlorine when the iirojKprtion of livdioycn is small. 

(//) l‘ro[iortinnal to a jiower of the (oiiccntialion of the chlorine 
between the lirst and the second when a inodpTate proportion 
of liy<liogeii IS presi'iit, 

(e) l’ro[mr(mn,d to the sipniri' ol the eoiireiitiafion of the chlormc 

whim llie proppirtum ol cliloriin' is sin,ill and that of the 
hydrogen huge 

(3) In niixturea m which the ooncentratioiifi of tlie chluniie and 
oxygen are kept roiistant, the rati' of conibination is 

(d) I’ro[>ortional to the concentration ol the hyilrogeii when the 
jiroportioii of hydrogen is small. 

(Ii) Inversp'ly proportional toa power of the coiieenlration of tho 
hydrogen, which is rathi'r less than 1-2 wlmn the pro¬ 
portions of hydrogen and chlorine are moderate , 

{c) Inversely proportional to a ]iower of the concentration of the 
hydrogen, winch is rather less than 1 when the proportion 

• of chlorine is small 

(4) Tho rate of combination is independent of the concentration of 
the oxygon m mixtures m which the concentration of the hydrogen is 
very small, for all other mixtures it is invcrscdy proportional to the 
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concentration of the oxygen. The results can be suniniarised by the 
formula 

It is also concluded that the observed inliibitive elTerts of oxygen and 
of hydrogen are not -as lias been hithiTto assumed -due to the direet 
and independent action of these gases, but to the joint agenev of both. 

The absence of inhuenee of water vapour within the limits above 
mentioned does not e.xtend to extreimdy dry gases. Baker' and, 
later, Mellor and RuaselH showed that iiydrogen ami chlorine, when 
thoroughly dried over jihosphorus pmitoxide, only slowlv reacted in 
bright sunlight. There was a ]>ossibility that, in tlu'se (‘Xperiments, 
long drying over phosjihorus jientoxide might liav(‘ iigniduced some 
inhibitors, e.f/., oxygen into the reaction system, which would account 
for the retardation observed. Tins possibility has bemi eliminated by 
rheent work of Tramm.-’ who. using modern Inw temperalure teehui(|iie 
for the drying of ga.ses by liipiefaetioii and fractional distillation, 
showed that a hydrogen-chlorine mixture so dried was inactive plioto- 
chemically. The introduelion of a small umouiit of wat(“r vapour inadi* 
a mixture so dried normally plioto.sensitive. The inertness of dried 
hydrogen-chlorine mixture is eonlined. }niwev<T, to the visible and 
near ultra-violet region of tln^ spectrum, (kiehn and .finig have, recently 
shown ^ that a dry mixture, cpiite inert to daylight for twenty days or 
to illumination for forty mimiti-s at 15 em. distance from a lOO-eandle- 
power osram lamp, is ipiantitativelv converted to Iiydrogen chloride 
when exposed for twelve miniiles at 20 cm di.stance from a quart/, 
mercury vapour lamp. A screen of uviol glass, whose transmission 
extends to 25R>A., was suflieient to protei^t the reaction mixture in a 
quart/ tube from reaction. It is evident, therefore, that the wave¬ 
length active in causing the eonibination of a drie<l liy<lrog<-n-eli}orine 
mixture lies between 22(K) and 25.10 A 

B'nt‘r(/('f/cs.--The reaction is one wliieii sliows larg<‘ deviation from 
the Einstein law of j)liotoeheniieal (‘(juivalenee. Bodenstein ealeiilated 
that in his most sensitive gas mixtures as many as lO^ molecules of 
chlorine react for (‘very ijiiantum of light, (‘iicrgy al)sorlM‘(l The work 
of Baly and Barki‘r. already eiti'd. imlicati's that the deviations from 
.Einstein’s law beconu' more jironoiinei'd tlie greater tli(‘ iiiieaisity of 
illumination, since they found that the maximum reaction velocity 
increased more rajiidly than the inteii.sity of illumination. Marshall^ 
has recently shown that tin* ipiantum yield diK-reasi's enormously at 
pressures below b cm. . 

The disproportionality between chemical energy and light I'nergy 

* ./. ('hem. .SV.. I8tl+. 65, tUl. ^ lU, 81. I27JI. 

* Xfit'trh phyrtthtl. Chem.. IILM, IDS, Jt'ili * Hir, 5ft, IWO. 

^ J. I-’kyfiical ('hem., Jtl2.'), 29. i4.W. 
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.'• absorbed is confirmed by investigations of Taylor ^’on tbe kfef^oa ' 
of hydrogen and chlorine under the influence of a-particles, and by 
investigations of’JjC Blanc and Vollmcr* on the same reaction under 
the influence of Kontgen rays In eacli of these cases chlorine to- the 
extent of 10^ molecules or more is brought into combinatioi^ by 
every pair of ions produced in the reaction system by cither type of 
radiation 

Theories i<f mechamsm —Any satisfactory theory of the mechamam 
of tlie liydrogen-chlotinc combination must sujiply an explanation for 
a variety of phenomona Of these the principal are the induction - 
period of Weigert and Kcllerinann, the inhibitory iiitliicncc of oxygen, 
the necessity for water vapour in illiiinmatioii by visible light, the 
sensitivity to ultra-violet light in the absence of water vapour, the 
abnormal ratw of reactant inokuailes to absorbed energy The order 
ol the reaction as to chlorine is unporlaiit, but, as already emphasised, 
the experimental evidence on tins point is not uiieijuivocal The ' 
ntt'-mpts at a satisfactory theory of mcLhanisin arc legion Only tffe 
more recent can be considered 

As the outcome of the Bodcnstein-Diu iiivestigaiiou, Rodeustein 
suggested a reaction mechanism involving a photoelectric elloct on the 
clilorme as a primary process The electron thereby expelled became 
the catalyst iii a scries of processes which may be indicated m the 
ctpiatioiis 

(1) CL, + light energy = Cl/ f(-), 

( 2 ) Cl'+ 0=04 ,■ 

(3) CV+TI,=-2lICl+0 


A succession of reactions ( 2 ) and ( 3 ) involving alternate capture and 
release liy reaction of an electron would have accounted for the high 
yield per unit of absorbed energy Bodenstcin also showed that rt 
was in accord with his kinetic ecpiation failure to detect ionisation 
in illuminated chlorine^ led Boilenslem, ni spite of the evidence 
already cited enneernmg the action of «-particlcs ami Kontgen raj’s, to 
adopt a reaction mechanism based upon the transfer of energy from 
energy-ncli hvdrogen chloride molecules to either chlorine or oxygen 
molecules, but not to hydrogen or nitrogen molecules Bodenstein 
saw in the ultra-violet absorption spectra of these gas(‘a justification for 
tins view UiH new formulation ^ of the reaction mechamsm is embodied 
m the following set of mpiatirms 

CIj ^light i-Hj- 2 Kf)l(/.) 

> ; r^hem .V, ISn, 37,'.’I, lfllO,,W,28e 
- ^ ZfihcA /t'MlnvAetn, lOU 20.404 

' ’ 'I’hvtnson, Proc I’anii /’Ail Snr, mill. 11, Ofll, T/.' lUnnt am! Voltmer, Zntaek 

^Cry ,.n(, 1014, 20, 404 , Korntric-ll, Zeil«cA fcMfrocAtm , 1011,17, ICI 

* ZciIkA EUilrockm, 101b, 23, 5S 
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that'^tle is possessed of an abnormally high ' 

j6B«gy content. The loss of this energy is assumed to occur as follows: 


HCI(&)=HC1. . . (Constant-Jig}, 

HC1(6) + 02=H(1 + 02(/>) (Constant == k^), 
02(6) “Og, 

HCl(h) + Cl 2 =HCl + Cyi) (Constant. ^ / g), 
012 ( 6 ) = Clj . . . ((Constant 

Ci 2 (&) + H 2 ~ 2 nCl(?>) . (Constant, = 


’The 2IiCl(6) can then rejx'at one. or other of tlie jireeedmjf changes. 
■The kinetic interpretation of these eiiuations leads to tlie. following set 
of reaction velocity equations: 


+ ' + ” hhm +%('')ii H=i, 




+Ml=4iU('i(/,)iia,|, 


J*rom the.se equations the ineasure<( reaction velocity (M|Uiition may l)e 
deduced if be extremely large--whicli is Hiiggeste<l by tiie small 
influence of hydrogen—and yields 


ill ''^■3+ ^'4! Oil 


which is in agreement with the experimental reHults of liodenslein and 
Dux provided is small compared with l^O^. The pn-sence of k;^, 
the constant for eiuirgy loss from aetivat<‘d chlorine, ]>revents tlie 
equation for the velocity from becoming intinite at z(‘ro oxygen eon- 
, ^oentration. We shall see in later st'ctions that there is a delinite trend 
of opinion recently towards some type of energy transfer of tlie type 
^herein assumed. Tliis represents an early eifert to link up such a 
mechanism with the kinet ic studies. 

- Chapman and Whiston assume that the ra<liation absorbed by 
, (Chlorine CAn be lost by imjiact with oxygen molecules; Init, when the 
.-^^raisurc of hydrogen exceeds 15 cm., and possibly at lower pressures, 
all the active molecules of chlorine -tlie concentration of which 
|^3^;8«pendent on the oxygen concentration—combine with hydrogen! 
derive an equation 

jMi 

dt l^i + ^slHal' 
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which is in agreement with their experimental measurements, since 
is of small magnitude, being an expression of Chapman and Underhill’s 
observation thal; hydrogen is a weak inhibitor This equation offers 
no solution, however, for the abnormal photochemical yield of the 
firocoss 

D L and M'C C Cha|)man ^ conclude lliat active chlorine is not 
deactivated by oxygen alone, but by the joint agency of hydrogen and 
oxygen They suppose tliat the active energy is shared between the 
oxygen and the chlormc, and the hydrogen can rajndly remove it from 
the oxygen They state that the simplest hypothesis is that the active 
oxygen eomlimes with hydrogen to jiroduee water, the active energy 
being simiiltaiieoiiHly degraded Tlieir hypothesis of the combination 
of hydrogen and active dilonne implies that the degradation of energy 
w'liirh oe( iirs wlnni liydrngen comlnries witli ai five elilonue is negligible. 

The abnormal yield of the liydrogen-chloniie reaetion led Neniat to 
|trof)o,si‘ ^ a meehaiiisiii in wliu h the primary pliotoelieimeal process was 
assumed to be a splitting of a elilonne nioleciih' into alums This 
jirimary process was then assumed to be siieeeeded liy a chain of 
reactions resulting m the abnormal yield In agreement with the 
oIxsiTvations of Stem and Voilmer. alreadv diseiissed, wi- may write 
the primary process as oeeurring tliroiigli liic imergy-neli clilorme 
liioleciih' (’Ijh, thus 

do-I 2 d 

The cliaiii reactions wliuli .suireed this eleinentarv pnxvsa are, 
aeeuidmg to Neriist 

d + llo-lld i-ll, 
llidUlldtd 

Nernst showed, liy tJiennodyiiamie reasotiiiig. tlwt iiotli of these 
reactions are iiecomjianied 1)V frei' energy deerea.se, and tliorefore can 
oteiir 8[ioiitaiieously They therefore give use to a diam of reactions 
resulting in hydrogen clilornfe formation, wbuli .se(|it(;nce is only 
stojijx'd by removal of the active atoms liy eollision with each other oi 
by reaction wilh oxygen or other inhibitor 

Tills reasoning suggested that, were a suitable acceptor for chlorine 
atoms present, no eham reaction,s would ensue and the law of tho 
jiliotocheniieal equivalent would be fultilled This was realised in 
Nernst’s laboratory, the action of chlorine on triclilorbrommethane 
being sliown by Noddaok* to be pliotoseiisitive and obeying the 
e<iuivaleiit law Tlic action of bromine on liexahydrobenzene was, in 
the course of the same investigations, shown by Puscld to be m 
agrceinont with the Liiisteni law 

Coehn’s interpretation of the chain leactions w a modification of 


' / Chem SV, i'i’l, 123, UI7'I 
^ KIHlrv'hnn , hU'l, 27. ll.W 


- Ziilsrh KliklriKhrni, 11118. 24, 3W. 
‘ /.ol^rh KlfUwh^m . 1918, 24, 537 
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. If Ernst’s, to take account of the different sensitivities of the dried 
gases to visible and ultra-violet liglit. Woigert^ objects to Coebn’s 
chain mechanism for the moist gases, since it involv«'s water molecules 
in the, chain mechanism and therefore in the yield of tlie })roeess and 
the'ieaction velocity. The data of Bodenstein aiyl Dux as to the 
absence of effect of water vapour between with' limits cimlradicts this. 
Weigeit therefore assumes wat(‘r to be a component of the primary 
photochemical system, which mu.st be u mixture of the gases in agree¬ 
ment with the observations of Bodenstein and Taylor aiul of V'ollmer. 
Weigert therefore assum<‘s, in agreement with an carlit'r proposal of 
Mellor," that, for the primary process, olilorine. hydrogen, and water 
vapour must be present, forming a light sensitive system. The 
primary process i.s tlien. according to Weigert, an inn|‘r phot(teledric 
effect between a liydrogcm and a chlorim* moleeule leading to the 
formation of gas ions, t)ms: 

. \ i-Cl, , 

.which is then followed by 

lly -ftl--lieu II I (1, 


2iI-Il2; 


ir+ciuici 

201 


or the Nerast eliain ineehanism 


Weigert assumes that the wati^r va}»uir intt'iisities tills elTeet by forming 
adsorption coinjile.xes with the other two gases, bringing thi' hydrogen 
and chlorine molecules into closer proximity. With resjieet to the 
inner photoidectrje efh'ct. it is ajiparent that the light must activate, the 
hydrogen in some way. Weiged points out that, althoiigli hydrogmi 
of itself absorbs only in t he extreme ultra-violet., a inohumle in the 
immediate neighbourhood of a chlorine moh'cule with a large electron 
affinity may be made to yield an elei'tron by a h'sser qnaiiliim, whose 
magnitude is smaller the nearer the two jimh-eules are.’^ 

* Baly and Barker's e.xplanatinn ** of the almormnl yield Is jiraetieally 
identical wit h that of Bodenst ein already cited. They assume, however, 
transference of energy from (‘n(“rgy-ri<di hydrogen eliioride, moleculiis to 
hydrogen as well as to eldorine. This is not in accord with tin* kinetic 
studies, which show that the reaction rate is indepe.ndeiif of the 
hydrogen concentration over consiileralde ranges. 

Experimental confirmation of the Nernst chain mechanism was 
aought by Bodenstein ® in some recent work relative to tlie permeability 
of iron to hydrogen. The hydrogen dilTuses through this metal in the 
atomic condition. Bodenstein attempted to initiate (he hydrogoji- 
ohlorine reaction by trying to relea.se liydrogcii atoms from tin* iron 
into the gaseous systi'in. The experiments gave negative results; 

* Zeifsch. physikal i'kfm., 11123,106, 420. 

Chem. S<)c.. IW*. 81, 1211.3. * <'f. hIsu LiKlIiim, VhU. Moq , 11)12, 23, 757. 

■ ♦ «7. (Jhm. Soc., 1921, 119, 053. ® Zcilsch. Ekklrochcni., 1922, 28, 517. 
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this should have Won expected, aioco, it is generally accepted, as a 
result of the experimental work of Langmuir, that hydrogen never 
leaves a metal surfae(‘ in the atomic condition Definite proof that one 
step in the Nernst chain mechanism actually can occur has been recently 
obtained by Marshall and Taylor ^ They have shown that hydrogen 
atoms, produced hy R W Wood’s method,^ the passage of a high- 
tension jmwerfiil discharge (25,<HH) vi-lts, 0 12 amp ) tliroiigli hydrogen 
at low jiartial pressures, whim led into iimllunmiated chlorine, give 
measurable (juantities of hydrogen chloride More icccnt measure¬ 
ments with varying hydrogen pressure have led Marshall to the con- 
cliiRKui ^ tliat the exjienmental results with hydrogen atoms are more 
m accord with the concept of ciiergy-nch cliloriiie molecules 

Further ph()tocatalytic halogenations. Tlic accelerating action of 
light IS demonstrable in many other processes of halogonation Thus 
the. comhination of carbon monoxide, of siiljdiur dioxide, of saturated, 
uiisatiirated, and aromatic hydrocarbons, of organic, acids, such ai 
acetic acid, witb chlorine and tlie olliet lialogens, may all be stimulated 
hy illiiiuiiiation, and tlie study of siieli actions lias meieasod the material 
at the disposal of the ttieontical invcstigatoi amt has contnlnitcd to 
possihle tcLlimcal dovelopracnt 

The photoeatalytu' eombmatioii of carhoii monoxide and chlorine 
was first observed by Davy ' and simlied nuaiitilativcly by Dyson and 
lliinbm,'* by Wikicrmann,'’ bv Weiueit,' and by t'liajonan and Lee** 
The reaction is mm li less sensitive (o light tlian the Jiydrtigeinlilonne 
comliination, strong illumination causing Imt weak icaetion Oxygen 
also inliiliits tlie leaelioii, and, as w,is slniwn by Chapman and Oee, in 
a remarkable way Tin' liist .ulditions ot oxygtm have a strongly 
inlubitive elfi'ct, wlinli deiicases with furthei lublitioiis, so that with 
halt ail atmosphere ot owgen the reliction is but little slower timii in 
]irescncc of nne-(|Uiiitei ol an atiiiusjdieie The sensitivity. <S', could be 
expressed by an equation 


where A ,iml Rare (onstants, |0_,] the oxygen eoiicentraliuii Wilder- 
maim eondiKles limn a small senes ot measiiiemenls that the reaction 
IS the usual one of the second ordei 

Eodenstcin has discussed tliese results from the point of view of his 
eleetromc theory, and shows'that the deviations from the hydrogen 

I .\alurt. IWJ, 112. oil ■ I'rof Hoy 6V. lOJJ 1020 I 

J I'hy’ical Chm, l‘ljj, 29, SIJ See alvi Miujlwll. Tran /tin Kl'druclutm Sot, 
Agrtl 19th ’ ’ TM Tran. 1K12 IM 

i ,/ C/ifm St,c . I'ti't. S3. tl)l '■ I'kil Tran l(l(>.\ 199v. .117 

’ .tnn Phy^ih, liti.iT, 24, 55 ^ J Chem Soc, 1911, 99. 1721) 
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chlorine reaction are to be sought in the relative iron-reactivity of the 
carbon monoxide with the activated chlorine. He calculates that in 
the carefully prepared mixture of gases employed by Wildermann 
100 molecules of chlorine react per liglit quantum. Moreover, ho 
observes tliat by increase of oxygen concentration it^hoiild he possible 
almost completely to suppr(‘ss the secondary reaction wliiidi leads to 
the disproportionality between light energy and eheinieal energy 
observed in the hydrogen chloriin* reaction, and thereby to emphasise 
the primary reaction in which ])rop<'rlionality exists. .\n investigation 
of such points of interest is promised. 

In the j)roduction of phosgene from carbon monoxide and (‘hloriiui 
in the presence of oxygen it has been siiown that <'arbon dioxid** is 
formed. Pliosgem' therefore .miusilisi's this reaction visible light. 
Weigert suggested that this was to be attributes! to tlie action of 
radiation juoiluced in the i)hoHgene synthe.sis. Kornfeld and Birnbaiim’^ 
Ikave shown, however, that this is not so, ainc(^ the reju^tion to form 
phosgene proceeding in a gas spae(‘ surrounding a quart / vessel contain¬ 
ing carbon monoxide and oxygen failed to produce any combination 
of the.se latter ga.ses. The sen.sitisation of the carbon 4lH)\ide reaction 
mu.st therefore Ix^ du<' to kim-tio energy transf<‘rs and not to radiation 
phenomena, a conclusion of importance in vit'w of the data of plioto- 
sensitisalion later to be discussed. 

It is of interest to record that, as a result of a re.searcli nx'ditly 
published by Bodensti'in and Plaut,^ihetli('rmal production of phosgene 
is independent of the oxygen concentration but is catalysed ))y the 
chlorine, the velocity data being <-ompletely recoiicdable with a n'uction 
.scheme: 

(1) (’l.,---2('l, 

(2) Cl +(1, = (’1„ 

(.2) (1, I CO-f'OClg + Cl 

The processes (I) and (2) rc))resent' (npiilibria continuously maiiitaiued. 
The velocity is to he attributed to ]rrocess (.2) Ibxlenstein bope.s 
subsequently to reconcih' the observations made on both thermal and 
photochemical reaction.s. 

The ])lrotocatalytic halogcnation of fh(i hydrocarbons has been 
most exhaustively studicil in reference to the aromatic hydrocarbons. 
Luther and Goldberg ^ observed, in the chlorination of benzem^ toluene, 
and xylene, strong inhibition of the catalytic proc^ess rliu? to oxygen. 
Bruner and Ozcrnocki^ bavri shown that bromination is also sen.sitiv(5 
to oxygon, and leads to rpiit*' indefinite rates of reaction unl(;s.s thy 
oxygen is removed. Addition of iodine to the system in determined 
amovmts eifects the removal of oxygen, by nniction to yield oxy-iodine 
compounds. In absence of oxygen, bromination occurs in the side chain 

^ phy/iituil. Chfin , }9'24. 108, 118. * Zei(\Th. jihi/^ikal. fhon., 1924, 110, 30ir. 

* ZeiUch. physikal. Chem., 1906, 66, 43. * livll. Acad. Sci. (Jracow, (.4), 1910, 676. 
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at a velocity proportional to the intensity of the light To and the con¬ 
centration of hydrocarbon present, thus. 

That the bromine concentration was without influence was shown 
by the autbom to be. due to the experimental arraiigcmeiits, in which 
absorption of the light was practically complctn even in moderate 
concentrations For a homogeneous held of )lluni]iiutiun--in other' 
words, with weak absorption—the reaction velocity equation would be 

ilr 

‘^-n„(l5r,){CA) 

The yield of reliction per quantum of energy absorbed is high when 
oxygen has been displaced from the system Arcording to Jlodenstein 
this can be estimated at 10 * molecules reacting per quantum of energy 
absorbed 

The temperature eoettieumt of the jiliotoclicniK al reaction between ■ 
bromine and toluene is also of interest Noimallv, iiliotochemioal 
reaetions possess a very small temperature eocliieii-nt Thus Bunsen 
and Koscoe determined the coellicient foi hydiogon-cliloriiie combination 
as 1 2 pel lO'h whilst later measurements of Koscoe and Kemsou gave 
unity In other words, elevation of temperature iiuritiiilly promotes 
but little the velocity of a pliotocliemical reaction lu tlie photo- 
broinmatiun of toluene, however, the t<m]'eratiire rueflicient possesses 
the relatively high value of 1 The corresponding reaction in the 
dark likewise possesses the high tcmperatuie coefileicnt of ■!, as opposed ' 
to the normal value of 2-^ Bodeiisfem mterprels tliison t he assumption 
that both lirominc and toliieni' miisl. he adne in oriler to react upon 
collision (or, interpreted iii the leeeiit pliraseology of energetics, both 
molecule,s must receive a definite ciitical increment of energy before 
reaction occurs) ^ In the liglit reaction the tempeiatiire cocflicient 
1 85 re]trese,nts the increase,, for terajicratiire use of Itl*, of active 
molecules of toluene, whilst '10/18 = 2 2 represents the merease in 
' active bromine molecules la this manner, it is siiggosti'd, an increase 
ui our kiio^i ledge of ordinary ebemieal processes may result from a study 
of photoclieimcal reactions 

It IS of interest to record that the combiiialioii of hydrogen aud^ 
bromine is only very slightly sensitive to light at ordinary temperatures, 
but becomes markedly so at temperatures of 150'’0 and upwards.* 
Bodenstein and Liitkemeyer have examined this reaetioii m detail and 
show tliat the increased velocity is to be attributed to the formation ot 

1 ae Lc«i<i, J Ghem Soc, 105, 1014/-/ <^7 

* Kastlr &nd Bfntty, Amer Vhm 1, 20. I.'iy, Puscli, XnIxJi EklclrocMnt., 191^ 

24,3i7, 1-md, 1 / Phyi C’Afm, 19l!4, 28, 65, IkdeaVm and l.iilk< mejrr, ZnIscA. iAjsiitfl, 
CAem, 1924,114,208 ' 
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. bromine atoms by absorption of light. This researtb has already been 
r discussed in an earlier chapter (p. 148) with reference to the inhibitory 
action of hydrogen bromide and iodine, effects which’ are oomnioii both 
■ to ^he light and dark reactions. The temperutur*; eoefficioiit of 1*5 
per 10 ® rise is high for photochemical processes, but* this value follows 
from the mechanism of the reaction put forward by Bodeustein and 
Liitkemeyer. 

Fhotocatalytic oxidation. —In agreement witli the Draper Law of 
Absorption, photochemical halogenatinu occurs in presence of light 
from the visible portion of the speetrum. Oldorinution is promote<l 
principally by the blue* and violet light rays. Many other reactions, 
however, are eatalytieally accelerated by f.l\e ultra-violet regions of 
the spectrum, and among such may he included a niiml)(T of photo- 
catalytic oxidation processes. Of oxidation processe.s in gaseous 
systems, attention may be direeted to tlie phoiochomieal acceleration 
of the oxidation of .sulphur tlioxidc to sulphur trioxide, of hydrogen to 
water vapour, and f)f carl)on monoxide to carbon dioxide. All these 
processes have been studied under the. influence of the light from the 
electric arc or the mercury vapour lamp. 

From the point of view of reaction kinetics, litth‘ lias resulted, as 
yet, from such inve.stigafioiis, in large mea.sun! owing, doubtless, to 
the difficulties of exjierimental t(s linnpie. The evidema! jmints to ilie 
action of a catalytic agent resulting from the action of light on the 
oxygen. In tin; inve.stigation of the oxiilation of sulphur dioxide by 
Coehn and Becker^ the main feature of the results obtained is the 
photochemical eipuUbriiim set up. It was found that wiili the gase.s 
in atoichiometric ]iroportions tlie iMpiilibrium attained, over a tem¬ 
perature range of 50®-8()0®, was constant and correapouded will) an 
SO 3 content of (>.') per ctmt With variation of the concentrations of 
the reacting snb.stances, varying eipiilibria were obtained corrc'sponding 
with those demanded by the law of mass action. Tlie precise explana¬ 
tion of this filature is still wanting, and awaits, doubtless, the 
formulation of the reaction mechanism. 

TliC combination of hydrogen and oxygmi under the influence of 
ultra-violet light, studii'd by Andree.w,^ was shown to he a reaction 
independent of the coneeni ration of the reacting gases. Coehn and 
.. 'Grote,® on the other haml, claim tiiat it is a reaction of the first order. 
In reality there is, probably, no di.screpancy between these two results, 
since Andreew worked with a mixture of the two gases alone, whilst 
the observations of Coehn and Grotc were carried out with tlie minimal 
Quantities of the two gases present near the equilibrium state of tjie 
system. The order of reaction is governed by the degree of absorption 

* of the active rays, and, in the simple hydrogen-oxygen mixture, if this 
were complete, a reaction of the zero order would result, in which the 

* ZtiUck. physikaL 1910, 70, 88. * J. Ktus. 2'Av«. Vhem. Oes., 1911, 43, 1342. 

* Neriut Ftalschrift, Halle, 1912, p. 136. 
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reaction velocity is 'mdependeiit ol the concoiitiations of the reacting 
substances 

Definite information as to the function of the various substances 
present in such oxidation processes emerges from the interesting re¬ 
search of (diapmav, Chadwick, and Ramsbottoin * on the oxidation of 
carbon monoxide It was definitely shown m tins work that ozone 
was Bimultaneously produced, and that, moreover, carbon monoxide 
acti'd as an inhibitor of ozone decomposition For, whereas, under 
the experimental conditions emjiloyed, jiiin' dry oxygen yielded only 
3-5 ])er cent of ozone, it was found that wluui dry e.irlKtii moiioxnle 
was present the ozone concentration rose to as mueh as ]',) jier cent, 
with simultaneous formation of but. 10 pei eetit, of carlion dioxide 
Furtlier, it was. sliown that water acted either as an accelerator of 
ozone decomposition or as a promoter of the oxidation of carbon 
monoxide, for, it the gases were saturate*! with water \a])our at tlie 
ordinary temperature only 1 ]iei cent ot ozone wafi produced witJi 
the same illumination as that cited in tlic ease ol the dry gases, 
whilst, aimultaneou.sly, as miidi as 28 per (cut of tarbiui dioxide was 
produced 

Of oxidation processes m licpitd system, tlie oxidation of iiydriodic 
acid may he oiled Since tins reaction has lieeu eniptoyed for actino- 
metric purjioses, it lias been fre([Uc'nlly slinlied and most thoroiiglily 
hy Plotnikow^ The process is, iii leolity, the oxidation ot the iodide 
ion m acid solulioli by alinospheilc ox}geli, a reaction wliirli, as is 
well known, takes jilace sbiwly m the dark, much more raiiidly, how¬ 
ever. when illuiiiiiiated I’lotiiikow showed that the jiholoidieiiiieally 
active rays (the Itlue and violet ol the mercury arc) weic but feebly 
absorbed by the reacting sjstmu Obxioiisly, theudore, the reaction 
must be exceedingly liglit-sensUive, wliieli tact also I'mergcs fiom a 
ccuiipiitation of IJodeiisti'in that ID^'’ molecules of oxxgcn react per 
qiiaiitiim ot light energy alisorhed Wiiitlier’* lias recently studied 
this reaction in the dark ami m light of wave-lengths 4300, 4050, 3660, 
3130, 28tXI, and 2540 .4 The now fumdiai inlhumce ol imjninties or 
added substances on the. xeloeity of reaetion is m this case also marked 
The nature and coiKentratioii of the add cmpltiyi'd (lelermme the 
reaction velocity Certain mlcled substances, as, for (‘xamjile, iiuinme, 
accelerate the reaction largely, others mt iiihihitivcly Boclensiem 
has suggested an mteriirctation ol the experimental results, assuming 
activation of oxygen by electrons si't free from the liyclriodic acid or 
accelerators present in the system Wcigert suggests the mechamsm 
of .reaction nuclei on which tire oxygen m comleiisod at a liiglier reacting 
potential He points to the proved existence of jiercjxnh* compounds 
in several of the investigated cases of pliotoehemical oxidation Thus 
Richardson * was able to demonstrate the presence of hydrogen per- 

^ Zritich phi/sdiil Chim. HKI7. M. 214 
* /i.(/,lS'J4,15,5u:., 18U7.22,0a). 
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oxide in the photochemical oxidation of oxalic aqid, ether, and amyl 
alcohol 

The promotion of peroxide formation by photocat alytie means has 
attained technical importance in connection with a s«‘ries of reactions 
elsewhere discussed in the section on autuxidution. Tln‘ prodiietion of 
rapid-drying oils by preliminary exposure to light is now n recognised 
technical process, llhimination evidently promotes tlie formation of 
autocatalysts, presumably of tin* jieroxiile type, wliicli subsequently 
accelerate the oxidation and drying of the oil on e.\])os(ire to air.* 

The presence of hydrogen pero.xiih* has also been <lemom>trated by 
Weigert“ in the solutions obtained after the photocatalytK' oxiilathm 
of quinine by means of atmospheric oxygen. Tliis reaction is remark¬ 
able in otlier ways, since, as is obvious from tin* (‘xperimenlal results 
obtained, oxygon, although ])articipating in the reactloM, also arts as 
an inhibitor. The jiroduct of the reaction velocity and the oxygen 
concentration was shown to be eonstiint over a considerable range. 
With complete absorption of light the velocity of action is proportional 
to the qiiinme concentration. The reaetion is likewise sensitive to 
foreign additions. Thus, in |)res{“nei' of (t'i normal sulpluiric acid, 
reaction is completely supprc'ssed. 

The oxidation of quinine with clironuc aenl as oxnlising agent was 
studied in detail by Luther and Korbes.'* In this case the reaction 
velocity is determiiuHl by the liglit absorbed by the molecules of quinine. 
The chromic acid is not the light-sensitive agent. The reaetion is not 
markedly sensitive to impurities, and occurs quite raj)idly in high acid 
concentrations, in markeil contrast to the previous case of oxidation by 
atmospheric oxygen, laither ;;Md Korbe.s, by a study of the reaction 
under the influence of varying vvavi'-lengths, were able to demonstrate 
the influence of absor{)tKni on llie order of reaction, 'riie vioh-t region 
of the mercury vapmir lamp is only feebly absorbed by quinine. In 
this region the reaction is iiMiinole<'uhir. At the ultra-violet end of 
the spectrum the absorption was jirai’tieally comjdete and tlie reaction 
in that region was of zero order Only at low concentrations has tlie 
cliromic acid any influence on the reai'tion velocity, which points, 
obviously, to the conclusion that by inlcruction of light and quinine 
a photocatalyst results, which then reacts with the cliromic acid. Ah 
is usual wdth successive reactions of this type, the ti'inpo of the whole 
process is governed liy the slowest of tlie individual reactions, ami 
this in turn is determined by the concentrations of tlie reacting 
substances. 

Photocatalytic oxidation in presence of chromates a.s oxidising 
agents has found extended technical application in pliotograpbin and 
lithographic processes. The application is based on the discovery that 

^ Sp€, in tlu8 connection, p. 221, and l^aljnon, Cficm /Anlr., 11105, 1, .10.1, (<crithc‘, /jtiUch. 
angw. Chem., 1900, 19 , 2087 ; HK)9, 22 , 2095. 

• iVeriwl Futschn/l, ilalio, 1912, \\ 404. ’ J. Amer. Chm. Soc., 1909, 31, 770. 
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substAnoes such as,gelatiji, glue, fish-glue^ albumin, etc., wheii heated 
w-ith solutions of chromates, arc rendered partially or completely, 
insoluble in water- after exposure to liglit The degree of insolubility 
IS proportional to the intensity of illumination In photography, 
using pigmented gelatin layers, this lias led to the beautiful “ carbon 
jiroce.ss ” and numerous allied processes In lithography, employing 
metallic bases covered with a chromated gelatin layer or layers of 
similar substances, the permeability to acids is iletormined by the 
intensity of dhiminatkm Thus it is possible to obtain etched reliefs 
from which, by the ordinary printing processes, prints may be obtained. 

The actual mechanism of the photochemical action on the colloidal 
raatiTial, although tlie object of considerable investigation, is, as yet, 
not satisfactorily settled In its mam features it is undoubtedly 
jiarallcl to the'case of (jiimine just discussed But tlie mechanism 
whereby insolubility is j)roducccl i.s not yet clear 

A photocatalytic process of common everyday observation is th^ 
fading of coloured materials and pigments on e.\posure to light Whilst 
possddy not oxelu.sively oxidation processes, it has been shown m 
many (a.se,s that the reaetions are autoxidationa catalvtically accelerated 
by light WeigertA has shown, for example, tliat witli substances like 
fluorescein and erythrosiii the m(‘(:ha.nism is parallel to tliat obscr\’ed 
by him for quinine Lasareff has, however, deinonstiated - that in 
thin colloidal films tlie hleadnng of pigiiieiits is due not only to 
oxidation hut also to inlramolecular decompositiuii Also the com¬ 
plexity of the pioMem is mteiisiiied by tlie iiillueiife uf added sub¬ 
stances Thus it ii.is been (ii’iiiimstraled, by oliservatioiis with the 
ultramicroscopc,'' tiuit addition of pota.ssiutii ierroey.inid*' gives rise to 
a heteiog.-jieoiis cut.alvst, jierovide in nature The addition of lodme. 
strongly accehuates ceitaiii of tliese re.uUons, as docs also the presence 
of the ions Oir, Ntb', CIO,' Betardatioii ocems iii presence of H', 

Br', ami SO,' ions 

Ttie foimatioii of an .iiitocatalvst, of whidi the .utivity j>ersist8 
for long periods after illumination lias li(‘eu diseojitiniied, is well 
illustrated in the case of the oxidatom of KHioform ^ On bnhbling 
oxygon through illuiiiimited solutions of mdoforiu in tlie most diverse 
solvents, oxidation occurs, with sejiaratiou of iodine The velocity pf- 
reaction increases uith increasing miliul concentration of iodoform in 
degree corresponding with that required lu accordance with" Beer’s 
Law The velocity varies witli the natiiie of the solvent Thus, in 
carbon tetraehlorKlo solution, the reaction is fourteen tunes as rapid as 
in alcohol. The inlluence of iodine is, however, mo.st marked 
although in the replacement of iodoform by iodine during the course of 

^ Loc al * Zeti^ck iihi/nkd Chew , lUIJ, 78,057 ' f' 

* Sw Ainiinns, J Suit'i' ile ('luw ti Vluirm , I'JOI, KuiUakfivski, Zeilutk pkijsiLil. Oifr^r , . 
lOOO, 86. 431 

* Szilard, ZtitHh in'' Phuludifm, I'lOl, 4, 117, I'lutiiikoiv, Z'llfch physikal Chtfiti.f' 

1910, 75, 337, 385 ' 
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the reaction the ahsorption of light ia strongly altered, still (ho velocit^- 
pf reaction remains constant. Also, after discontiiiiianco of ilhunina*' 
tion, the process of oxidation continvie.s steadily for long periods in 
the dark. If, also, to an nnillnininated solution of io((i)form in certain 
solvents a small anioiint of a pre-illiuninat(‘(l S(>lution be added, 
oxidation takes jdace without any further illuniination. ()bviously, 
illumination gives rise to a pholoeatalyst whicli persists in activity 
overlong intervals. The phenomenon is not detinitt'iv explained. The 
.process is undoubtedly complex and jnesumahly is qinle dilTercnt in 
different solvents, .since only in certain solvents i.s the activity, on 
discontinuance of illumination, ol).servable. 

The inhibition of certain photo-oxidations has alrea<ly Imm'd dealt 
with in the chapter on the inhibition of homogeneous reactions (pp ITil, 
lo5). ' 

Fhotocatalytic hydrolysis. —'I'lie hydrolysis of liydroehloroplatinio 
acid has been shown l)y Boll and Jacob^ to 1 m‘ phofoehemically 
sensitive to ultra-violet radiation. Tiie dilTereni acids ll^PtClg, 
IlgFteigfOll), ri 2 PtClj((Hl) 2 , an.l ll.ITt^lOlI), are all liy.lroly.sed by 
water, the rate of reaetiitii Ix'ing n-adily followed with gr<'at e.xactitude 
by determination of tin* conductivity of the solulion. 'Plu' formation 
of hydrochloric acid during the reaction cau.ses an increase of con¬ 
ductivity. With wi'ak absoiption the reaction i.s of the .soeond order ; 
with considerable absorption the velocity is jirojiorlional to the chloro- 
platinic acid concentration. The authors regard thi.s reaction as 
pointing to the formation of a compound, HoPtClfOdi^. !l 2 Pt(()Il)fl, 
the production of which is sugg(>.st(‘(| also by a nn-asure nf the absolute 
amount of liydrocl)lori<- aciii producial. By dir<‘ct measurement it 
was shown that, in , normal .solution, about two iiutleeiiles of acid 
were decompos'‘d per <juantum oi light energy alisorbeil. Jn stremger 
solutions the, number decompo.sed would jirobably ]m‘ proportionately 
greater. By analogy with the hydrogen-chlorine reaction, Bodenstein 
suggested that tin'; reaction should be inhibited by oxygen. Boll and 
Henri, however,- on submitting tins point to experimental test, could 
not confirm this .sugg<‘stion, and conse<jiienlly doiilit wa.s cast on the 
whole systematisation introduced by Bodenstein. 

From tln^ quantitative jafint of view, the mechanism of numerous 
photochemical reaction.s lias been studied by Henri and his co-workers.. 
Of the reactions included under liydrolyais, that of ace.toiK! may be 
cited. Henri and Wnrmser® showed tliat the reaction was plioto- 
chemically quite sensitive, the ratio of molecules hydrolysed to quanta 
absorbed being in the ratio of 200 to 1. Baly"* suggests, however, in 
regard to this result, that a jiortiou of the necessary energy fefr the 
reaction is derived from the solvent, which exerts, according to this 

‘ Compl. rend., 1912, 154. 881 ; 1912, 155. 8211, lOH, 166. 138, 091, 

* Compl. rend., 1914. 158, 32. » Ibul., 191.3. 158. 1U12. 

* Phyaikal. ZetUck., 1913, 14, 893. 
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view, an influence in. opening up the electrical fields of force of the 
solute molecules Qf interest also from the same work of Henri ami 
Wurmscr is the observation that the minimum of energy capable of 
producing luminous sensation m the eye is inferior to the elementary 
quantum of energy 

Pbotocatalytic decomposition and polymerisation. -Typical ex¬ 
amples of decomposition photocheimcally accelerated are the de¬ 
composition of ozone and hydrogen peroxide, together with the 
decomposition of oxalic aeid in ]ire.scnce of uranyl salts All three 
reactions have been the objefi of a considerable amount of experimental 
work, from which ceriain (oncliiaioiis relative 1o the reactions may be 
drawn 

Thus, 111 the decomposition of ozone, it was sliown by Regener * 
that ultra-violet light m the region of 0 257/a was particularly active 
The kmefics of the reaction has b<‘en studied, more especially by von 
Bahr ^ and by Weigert ^ AVith complete absorjilion of light, reaction 
lb propurliona! to the ozone concentratmn With liomogiun'ous 
illumination-tliat is, with extremely tliiii gu> layers the reaclioii 
would be proportional to tlio sr|iiare of tlo' ozone coin enlratioii, which 
!8 111 ))art made manifest m (he available expenmeiit.il data Prom 
Weigert’a dala it may be calculated that, in his exiienmeiits. approxi¬ 
mately lUO molecules of ozone are decomposed per quantum of energy 
absorbed 

It w.as tlioiiglil that, in visilile light, ozone i\,is stable, recent 
investigations by (iriinih and Shiilt,' initiated as a result of calcula¬ 
tions made liy Lewis '•> m PllK on the basis of the radiation theory of 
chemical action, have served to sliow that rizonc mav be decomposed 
by visible light of wave-length Imigei than bitK) A and, theiefore, iii 
the red region of tlie visible speetnmi Tins predntioii liy Lewis and 
subsequent venfi<,ition by (Iriftitli aiul »Sliiirt eoi^tifiites one of the 
positive aebieveiiK'iits of tlie radiation tlieory 

As regards the sensitisation to visible light by tlie addition of 
chloime, Weigert showed,'’ in an intensive iinesligatioii, tiie far- 
roacliing proportionality belwveii light absoibed and ozone decomposi¬ 
tion, independent of the ozone coiieeiitration within widi' limits An 
estimate of the pliotoehemical yiehl by Lodenstem' sliowod the ratio 
of absorbing to reacting luoleeiiles to be of the order of unity 

The sensitised reaction has been recently studied by Boiihoellcr® 
from tlie sfandpomt of the quantum relationship and the luw' of tljo 
photoehcmical eqinv.aleiit, using ajiproximately moiiocliromatic illu¬ 
mination (A-“4360 A and a grpiip at 4Ubt) A ), measuring, with every 
refinement, the energy mvolvecl and chemical reaction produced 

‘ A«« lyiifi(iv j,20 nnt -/till, i‘iio(iv 1,33. ays 

Zeitfch phi/aikiil C'hem. 80, 78 * J Vhm SV, I'lZl, 119.1948 

* Tr/iwi Farad Soe , IS’:’, 17, STO ° Zrtlsch Zldlrufhf’n , 19|I8, 14, 501 

’ ibul, nu.% 19. 840 * Zf.iUh Chm , 11123,13, 94 
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Chlorine and bromine were iiHod as sensitist'rs.. It was shown that, 
with chlorine, the rate of reaction was striclly pro])ortionnl to the 
absorbed light, independent of the ozone coneentn-ation l)elween con¬ 
centrations of T) and <)•! per cent. Th<^ vidoeilics with inonoehroinatic 
radiation were, naturally, considerably less than in Weigerl's studies 
with a whole spectral region. 

Bonhoellers results show that ahoiit two nioh-eules of ozoru' were 
dccompo.sed for each quantum absorbed. Witli hronniu' vapour as 
sensitiser the reaetion wa.s inor*' dillieull to study. The dark reaction 
amounted to 10-2(t [)er cent of the sen.'^itisrd reaetion Tile remarkable 
result of the quantitative invi'stigiition ean he jiaiiivred from the 
observation that, in four diilVrent experiments, the values for Xlfiv were 
M’b, 28’2, 83*2, and 28-2, or, in tlie mean, 31. Ni> simple ratio exists, 
therefore, in the bromine sensitised n-action, between absorlting and 
reacting molecnle.s. 

In his discussion of the expi’riiiiental results UoiiluMdler slri‘s.ses the 
remarkable nature of the observation that the reaetion \t-locity is 
independent of ozone eoneentratioii within the limits od-l pin- rent. 
This points to .i remarkaiile “ life ' ot tin- aetivateil ehloriiK' molecule, 
since, in tlic mon* dilute ozoiu* mixture, mkIi a molecule mu.st meet 
lOOft molei'ules of eliloniie and oxygen lielor'- it T'(“aehes an ozone 
molecule. This would east doabis on tin' meehanism postulated, in 
the hydrogen-ehlonne eombiiiation, for flu* inhilntory power of oxygen. 

From kinetic data Bonhoeller caleiilate.s a mimmiim lib-ol l-GxlO ’ 
secs. Tliat two mohn ules of ozone are (lecomjtosed is m agn eineiit with 
data on the ])hotosen.sitivity of ozone itself 

That, in the ease of hroinitu' .sensitisation, more than thirty ozone 
molecules decompose for every activated hromiiH' moleriih' <'omp<‘ls us, 
in the vi<‘W of Neriist ami Nmldaek,’ to assume that energy must be 
transferred from activated ozime molecules to inactivated, or that, the 
energy of the naietion products may be so trunsb-rred, 

Ilis own earlier data and llic lonlirmalory data of Ibnihocilcr have 
led WeigCri to a detailed eoiisideralioiiof the theory of the tran.s- 
formation of radiation. Weigeri .sees in the ozoiie-cliiorim' .sensitised 
reaction the simjdest ease of chlorine photoreai-tions, am) Ik; w'ould 
therefore expect to draw fnnn tlie reaction tlie simplesl conclusions as 
to mechanism. He points to the inijMirtam-e of tlie fact, that the 
velocity of reaetion is independent of tin* ozone concentration at u 
certain, but small, ozone concentration, as showing that, at ami above 
this concentration, all or practically all the radiant cmTgy absorbed liy 
the chlorine is converted into clnmiieul energy. Similar ob.siTvations 
have been made by Gruss^ for two seiisiti.sed reactions inviAving 
trichlorbrommethane: 

’ Stisuruji,b<!r. Ahui, I!I23, ll.'l 

* Zeiisch. plii/Z'ikul. Vhan., 111211. 106, loll 
® ZtiUich. EUktroclitm., 1023, 29, 141. 
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' 2CCl3Br+Clj=2CCl4+Brj, 

2 ra 3 Br + 02=2C0Clj+Bra+Clj 

With ohlonne free from ozone, but containing moisture or other 
impunties in small quantities, bght may be absorbed and converted 
completely into beat energy, as shown by chlorine in tlic Budde effect,^ 
the expansion due to temperature rise wlien moist chlorine is illuininaWd. 

Weigert sees a complete analogy to these two modes of transforma¬ 
tion of hght energy in expcniuents with mercury vapour In pure 
mercury vapour at low pressures Wood^ showed that the resonance 
line, 2[»36 A , can readily be stimulated by illumination with a mercury 
vapour lamp By addition of air or otluT gases tins resonance radiation 
can be suppressed entirely In this event Wood says that a true 
absorption occurs,' the light energy introduced being converted into 
heat, Now, it has recently been shown by Cano and Kranck^ that 
tlie liglit energy can be transformed into chemical energy if the gas 
added to the mercury vajioiir is hydrogen These authors showed 
that an illuminated system of mercuiy vapour and hydrogen decreased 
in pressure, owing to the production of hydrogen atoms which “ cleaned 
up ” ^ on the walls of the containing vessel oi could reduce copper oxide 
at ordinary temperatures According to (larm and Franck there 
exists also, m this case, a linutiiig hydrogen pressure above which all 
the'absorbed light energy is converted into cinmm al (-itergy 

The limiting prcssuri‘s of tlie reacting species, of ri/onc at U 5 mm. 
or lower and of hydrogen at 10 mm Ilg pressure, and the f>re.ssuro8 of 
the sensitising agents {chlorine, U.'ialom , and mercury, 0()09ram) 
are quite different 'JTie ratio of reacting to sensitising molecules is 
alsodillerent for the ozone-clilorine reaction, .Tx andfor 

the mercury-hydrogen, M x IIP If, however, Weigeii points out, one 
calculates the iiuml-ei of reacting moleeiiles whicli ate to be found' 
Ill photochemieally comparable volumes of a cylindrical vessel, corre- 
spoiidmg to the tliickncss through which the absorbed radiatidn is 
reduced to the same extent, practically identical numbers arc obtained 
in tlie two cases Tins occurs by reason of the strong absorption of, 
mercury vapour and the small absorption of chlorine Weigert tiiercfpro 
thinks it proiiable tiiat the processes are qiiile analogous to one another 
The weakness of Bonhoelfer's concept of a long-lived chlorine 
molecule, unable to lose its energy to oxygen or other clilormcs but only 
to ozone when chemical reaction ensues, is evident when the mercury 
cases are considered Under given conditions, all three types of pheno¬ 
mena, resonance radiation, heat, and chemical reaction, can result from 
one and the same primary photo-process, the absor^ition of light fron^ 

‘ I'ogg 1871, l«, 213. ErgU, 1873, 8 . 477 
» m Hag, 1908,18, 187, Hynkal Zulich . 1909,10. 425 
’ Zetlsch I’kij^d, 1922,12, 102 

* LaDgmuir, J Amer Chan Hoc , 1914, 36, 1710, 1915, 37, 417, 1916, 38,1145 
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' the merciiry vapour lamp. Weigert, therefore,, aasuraes that iu the" 
ozone-chloriue reaction tlie same process occurs .as in the mercury, 
reactions. The radiation absorbed by the clilorine is first emitted as' 
isochromatic resonance radiation in the normal way. and this absorption 
, and emission process is repeated continuously ])y tlu* eblorino until, 
finally, absorption in a binary system (involving ozone simultaneously) 
leads to an inner photo-electric effect and to chemical change, or to a 
change iu translatory energy of f ho particles. 

The resonance radiation of the mercury can be percc'ived because 
of the extraordinarily strong absorption of the exeiliug light; with 
chlorine it is imperceptible because the absorptifui is a hundrod million 
times smaller. On the other hand, there is indirect evideneo of its 
occurrence. For the Biuhle effeet only occurs willi moi.st chlorine 
or chlorine containing small imjuiritics. With puf(^ dry clilorine, no 
Budde effect is observixl, altliougli absorption occurs. Weig(‘rt assumes 
that, in this case, tlu* absorbed energy is re-emitled us isoebromatio 
resonance radiation. 

This mechanism of Weigert is iu agreem<*nt with his observation 
that perceptible time intervals occur during wliieh the (d>serve<l chemical 
change is comj>let<‘(l It <h)cs not explain abnormal yields of chemical 
energy. To explain such, .some type of chain mechanism or of energy 
transference from jiroducts to reactants must assumed. 

Catalytic effects in ozone decomposition. Various gases have been 
fouml to accelerate ozone (lec.om])osition ; optical sensitisation cannot 
be the cau.se of th<i a<'( (‘l(ua;ion obs<‘rv<al. sinci^ the gases do not alisorb 
the wave-lengths employed. Weigert’ and Weig<‘rt and Hohm- have 
studied the decomposition of ozoiu' by ultra-violet light in tiie jireseiicc 
of hydrogen. JVonouneeil aceideration is prodiiciMl. (Iriflitli and 
Shutt® have studied tin* same system in visible light, ami flrilfitli and 
MacWillie ’ have studied the reaction in the presence of helium, argon, 
nitrogen, carbon monoxiih*, and carbon dioxub’. 

Weigert as.sumes that the decomposition of ozone iu Ukj jiresence of 
hydrogen is not a photociiemical ))roce.ss but a thermal remdiou. The 
heat liberated by the reaction 

is supposed to warm the gas in the neighbourhood of the absorbing 
layer to a temperature high enough to (mahle th<‘ himohamlar thermal 
reaction 20;,-302 

to proceed at an appreciable rate. Cnflitli and Shutt reject this 
mechanism for visible light, since tb(To is no greater increase in tem- 
-perature on illumination of gas mi.xture.s containing hyilrogeii than in 
those containing ozone and oxygen alone. Griffitli and Shutt suggest 
that the water molecules formed, which, for some period after their 

“ * Ber., 15)13, 46. SI.?. * /jcil-*rh. physikul. Chnn., l'.Ur», 90, 194, 233. 

9 J. Chem. Soc., 1923, 123,2762. * J. Ckm. S<k., 1923, 138, 2707. 



462 ■ CATALYSIS IN THEORY AND PRACTICEl ch. 

formation can posst»ss.cnprgy, can activate ozone molecules by collision 
In tin; absence of |iv'lrogen tlie ozone decomposition is much slower 
and IS bimolecular, in agreement witli the ultra-violet reaction with 
weak absoiptioii 

With carbon monoxide present in the ozone mixture, reactions 
similar to those w'lih hydrogen can occur With the other gases present, 
only the ozone decompOMtion 

20^=302 

occurs, tlie velocity being greatest with helium adinKcd, less so in order 
with argon, nitrogen, and carbon dioxide, least of all with oxygen- 
ozone mixtures alone, comparisons being made at the same ozone 
coiHamtratinn Were the admixed gases acting as diluents to an 
inhibitory oxygen ,eoiieciitiation the specific order given would not be 
anticipated -tlii'y would all be I'Xiicided to have a like action 
(InffitJi and Mac Willie theriLirc suggest that the order of elHcicricv is an 
index of ilie clTieit'iiey of i)ii‘ adiiiixi’d gas in causing deactivation of the 
ozone molecules by collision '■ 

III conneclioii wilh tlic decoiii|iosition of livdrognn peroxide under 
ilinnnnation, it was deinonstrateil by Kistiakowski - that by addition 
of red and yellow primiate of |iotasli the cutalvlic action of light was 
prolonged for considi'iable peiiods after illnminatimi had ceased 
Illtraiiucroscopic investigations showed that tins could probably be 
attributed tn formation of .1 iKdcrogcneous catalyst More recently 
it has been sliown that other suhst.inces may act ni the reverst' direction 
These lia\e .ilri'ailv been diMiissed 111,111 earlier (hapter (pp 132, 133) 
As to the kinetics o| the dccoinposilioii, Tian ' reports that in 'lihite 
suliitioii the reaelion is of I lie first order More recently,^ liowever, 
he [iublislied ligures wliicli point to the fact that tlie decomposition is 
proportional to the light ahsoibed and the coinentration of peroxide, 
and that the oxygen evolved m the reaction mis as an aiitocatalytic 
inhibitor llenn and Wiirm.sor'' leport but fcidile absorption of the 
light energy and a decomposition of more Ilian lOl) moleciiies jier 
(jiiantuin absorbed 

The decomposilion of oxalic acid in iireseime of uranyl nitrate is 
very sensitive to light Between the concentration Inmts of A'/IOOO 
and NjlO.OOa the velocity is strictly proportional to the absorbed 
energy,'^ and 31)0 molecules of acid are decomposed per ([uaiitum of 
energy absorbed The hyiiothesis of Bodenstoan that oxygen would 
act as mliibiior of tins reaction was also sliown by Henri and Boll ^ to 
be m disagreement with experimental facts The reaction has also 
been studied by Mathews and Dewey,and (pate recently by Anderson 
and Kobinsond' who show that the isvsteni oxalie ae.ul-uranyl sulphate* 

' fkc til-.o (1 n Kesliul.i'Wnki, y.cuvli Jihutdal 'Veni , lOiS, 117 .l.'iT 
‘ J Chem ,S'«,l'Hi|,35, l.il •' Compl wirf, llUO, 151, lOlo ' //-i-/, IftlS,IW. 1879, 

‘nil:; «ii<.it,iM. Ilia, 156. ism • ;w, luigiss,32v 

* J Fh’jiiatt <'hrin , 1911,17, .’16 • J Amer Clirm Sue., 1625, 47, 718 
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water forms a suitable ultra-violet radiometer.. They find, however, 
that many quanta are required per molecule decomposed, the number 
decreasing with increase of uranyl sulphate concentration. 

,The photochemical acceleration of processes of polymerisation may 
be exemplified in the researches of Berthelol and (laudecdion * on 
acetaldehyde. In presence of moisture and o.xygen, acetald<‘livde is 
fapidly oxidised by ultra-violet light to acetic acid. Even in absence 
of oxygen, with the (‘xtreinc rays of ultra-violet light, oxiilation sets in, 
presumably with simultaneous deconijiosition. In absence' of iiKosture, 
and most rapidly in the. vajiour pliase, ucetaldeliV'le resinities and 
forms polymerivsed products on illumination with raVs f)f wave-length 
less than 0*‘25/i. 

Catata’SIS by mkans of ll()NTf;FN Hays, tiik Sh.knt Discuaiuik, 

AN’O U\l)lOAfTIVJC Sl’nSTANTKS 

In the preceding sta-tiuns «if this chapter it has emerged tliat ligiit 
.energy may jiromote widely diverse and distinct catalytic reactions. 
In most cases, from lack of full investigation, it has been iinjawsible 
to determine tlie actual nimluK of)n(ni<Ii, but it is obvious that in many 
cases the function of the liglit energy alisorlx'd has been the prodin;tion 
of a catalvtic agiuit wliieh has aeeclerated the <iperalion of a reaction 
in the m'rmal din'ction of the cheniieal forces. It would he expected, 
therefore, that in the operation of otlu'r forms of radiant energy on 
chemical systems similar catalytic efieets wendd be ob.served. Thus 
an examination of the material available coiieerning the inlliience of th.: 
silent electric discharge, of Hontgen rays, ami of t)n' radiations emitted 
during radioactive transformations, sbonld reveal examples parallel to 
those cited in the sectioiLs dealing with photochemical changes. 

The lit(!rature of chemical reactions induced hy these ditlerent 
types of radiation is scanty, however, doubth'ss due to the recent date 
of their discovery ami elucidation. In Uk' main tin' bleratun! deals 
with reactions which cannot be included in the scope of tins study, 
since they ar<^ cbi(dly non-ciitalytic and in wliich the reaction occurring 
is in the directum op[)uscd to the normal chemical forces of the system, 
deriving the necessary energy from the radiant (mergy supplied. Tlius 
in the case of the sdeut eh'ct.ric discharge the formation of ozone from 
oxygeu is an excellent example. As Kniger has already sliown,'^ the 
number of ozone molecule.s formed is determined hy llie number of 
oxygen molecules whicli are ruptured by the electron.s iritrodiie(‘d into 
the gas system. 

The decomposition of dry ammonia gas und(?r the influence of.thc 
silent discharge is another case parallel to tlie ozonisation of oxygen. 
Curiously, however, as was siiown by Lc Blanc and Davie.s,^ addition 

* J. Amer. t hem. .S'we., JiUS, 156. 2:t't ^ Ff.^ifchriji, Halt', 1012. 

^ Zeitsch. Ekklrtxhem., 1008,14, 361. 
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■' of nitrogen to tha ammonia a.cceferate8 the decomposition considwibly,' 
Vhereas hydrogen diminishes reaction. The.se influences are worthy'of 
’ more extended investigation. ' - *• 

The researches of Eassbcnder * demonstrated the catalytic influe|ice 
of the silent discharge in the combination of carbon monoxide and 
oxygen and of hydr'ogen and chlorine The alternating field required' 
18 much more powerful m the former case, a.s would be anticipated*' 
from the photochemical results Doubtless, mveatigatioii of the latter 
case would show tliat as regards kinetics and energy consumption it 
. was parallel to that observed under the inllueiice of light, Rontgen 
rays, and alpha-partioles, which latter will sul)sef|ucntly he detailed, 

The function of Ronigen rays in promoting a reaction catalyticall’y 
IS best exemplified in the case of the hydrogeii-eldorme combination as 
studied by he Bliiir and Vollmer “ It was found that in a hydrogen- 
, chlorine inixtiire which was pliotnclieniicnilv quite sensitive, Rontgen 
, rays also prodiieed comlunation Moreover, m oialiiating the ratio of 
energy sii])|)lie(l to the amount of chemical comhination pioduced, it 
was shown that I O'* nioh'cules of I'hloiiiie comluned for each electrons 
produced in ilie system by the ladiation Tlie kinetics of the reaction 
was not stiidicil and remains therefore an interesting problem for 
comparison witli the elleci of light I'liergy and of the action of alpha- 
particles on tlie .same reaction 

A ninnber of qiuilitalive tests uii certain reactions, as, for example, 
tlie hydrolysis of acetone calalyticatly accelerated liv light, have been 
made, by one of the authors, with Rontgen rays from .i Coolidge tube, 
but without signilicaiit result Tliat a seaicii for such reactions need 
not be frintIeH.s, lumi'MT, is to be (ondmleil (lorii the lecent observa¬ 
tions of Ibirdiei ^ on the (ll■co|nrl^allOll o1 aquiauis solutions of iodine 
and of starch nxlide by i‘\|)o.siiri‘ to Kontgeii rays for a few mmiites 
The quantity of ladiation leqinred vaaier) with 1 he piopurtioii of iodine 
111 the .solution Further iiivestigatum would doiibf.less reveal the high 
catalytic activity ot the rays in this paitieiihir reaction, and data on 
the energy quaniities involved should he interesting • 

Van't Hoff^ foreeasted the possibility of using radioactive traus- 
foriiiations and the energy n'sulling therefrom as catalytic agents In 
evidence of his belief, he direcfeil attention to the action of radio¬ 
active materials on the glass vessels m which they were contained 
Especially with glasses containing m.mganesi' or lead, the coloration’ 
prodiieed m the glass by aetion ot the rays evidences an acceleration of 
a reaction, presumably oxid.itiou, whieb ordinarily takes place but 
slowly, being manitesti'd in glass of manganese eoiitent by tbe. develop¬ 
ment of a pinkish tinge 

The reactions brought aliouf hy radiations from radioactive sub-, 


* iidlich pk'/i’tlal (Jhem, 11108, 62. ~13 
’ CWpl revd, 1310,163, 2')I 


’ Zfilich Eldimhm . 13U, 20, 494 
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CATALYSIS BY RADIANT ENERGY , 4«3 

stances hrfve been collected and discussed by Lind.^ The reactiong 
investigated are numerous and include, among others, the formation 
and decomposition of water, of ammonia, of hydrogen chloride and 
bromide, the decomposition of carbon monoxide and dioxide, and the 
pzonisation of oxygen. P'rom a review of the available material Lind 
was able to establish a definite relationship between the number of 
: molecules brought to reaction and the pairs of ions formed for example, 
by the alpha-])article3 introduced into the system, 'riius, in the case 
of ozonisation of oxygen, most carefully and thoroughly investigated 
by Lind, it was shown tliat, for every pair of ions, one molecule was 
caused to react. The reactions may thendore be regarded as due to 
the direct intervention of the, alpha-particles, tin; energy from wliich is 
transformed in the process of the clieniical reaction. 

The conspicuous exception to the simple n'lation thus formulated 
by Lind for the reactions brought al)out by radioactive <“nergy is again 
to be found in th<' case of tb<‘ hydrogen-chlorine coiubination. Lind 
‘calculated, from experiments of Jori.ss(‘u and Ringer,- that., from one 
pair of ions, the number of elilorine molecule.s brought into reaction 
was of the order similar i!» magnitude to tiiat observed by 

Le Blanc and Volbmu for the action of lRuitg(‘n rays, and paralleled also 
by the previously cited computations for tin* photoelKunical reaction. 
The ex])oriment8 of Jorisscu and Ringer were carried out. with the gases 
in an actinometer having a suitahle scale attaehmeni, radium salt 
being contained in a thiu-walled tube titt('d into the reaction vessel. 
Evidence for an induction period is manifest from tln^ experimental 
results as well as f<u a varying sensitivity of the ri'aeting gases, due, 
doubtless, to impuriti(‘s present in tin? gases. 

The analogy between the photochemical reaction and tliat induced 
by the alpha-particles is still further enipliasised by a study of tho 
reaction by Taylor.^ The. expcrinumtal conditions W(‘re so arranged 
that complete absorption of the alp}ia-})articles from radium emanation 
in a minute, thin-walled glass bulb was effected in the Jiydrogeii- 
chlorine mixture surrounding the bulb and contained in a spherical 
reaction vessel of radius groatc^r than the range of the alpiia-jiarticles 
(Fig. 25). In the.se circumstances of (complete energy absorption, it 
was shown that the reaction velocity wa.s proportional to tho energy 
absorbed and was of tin* first order, inversely proportional, however, to 
the total pressure, whicli chang(Ml during an experiment by witlidrawal 
of samples for analysi.s. Tli(‘se results could be iniiupreted by a 
reaction equation of the form 

dt [021 ’ 

. ^ J. Physical Clum., 1912,16, fail, “ Chemical Effecta of Al|jh.i PaiiicIcH atnl Electrons ”, 
Ch«m. Catalog Co. * Per. Chem. Ges., IDdO, 39, 2005. 

* Taylor, J. Amer. Vhem. Hoc., 1915, 87, 24; 1916, 38, 28U. 
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whici, for'small energy absorpti 
leaction, wouM change to the 8( 
yield; therefore, a reaction equ. 



FlO. 2<) —A, giis inH , B, gas outlet, 
C, maiioiiiotcr comieetion, /l.sikca 
rod ixx tompeiisalor foi lliermal 
e\jii»nhiuii of mercury , E, inlet for 
cinatiatiun , F, mereiiiy male, G, 
ICO reservoir, il, electric lieatei, to 
• ensure rotation of gases 


I siich as diolds in tfae photochemical 
re of the chlorine concentration aqd 
in identical with that obtained, by 
Bodensteiii and Dux in the photo- ■ 
chejnical reaction On the energy, 
side it was computed that, with 
the most reactive gas mixture em- 
jiloyod — whicii, however, was 
considerably less sensitive, photo- 
(iliemically, than the gases . of , 
Bodenstem and Dux—as many aa 
2 X10^ molecules of chlorine reacted 
for every pair of ions introduced 
into the reaction space, thus con¬ 
firming the calculation of Bind 
relative to .Tonssen and Einger’s 
work and establishing conclusively 
the catalytic inihience of the alpha- 
particles m the reaction 

Extension of the work on the 
action of alpha-jiarticlcs by Lind 
and Bardwell ^ to the oxidation of 
aliphatic hydrocarhoiis, the poly- 
iiHTisation of acetylene, cyanogen, 
and liydrogen cyaiiKlc has revealed 
a new t.ypi' of gaseous catalysis 
Till' polymerisation of acetylene 
}jelds a yellow solid polymer, ob¬ 
tained by Sabatier by the action 
of copper on acetylene and called 
by him “ cupreuc ” This poly¬ 
merisation, under the influence of 
alpha-particles, differs from the v 
normal results olifained with alpha- 
particles in that as many as 20 
molecules of acetylene polymerise 
per ])air of ions produced This is 
a,scribed by Liml and BardwelBtd 
the formation of a “cluster ” of,^ 
twenty acetylene molecules around ■ 
a single ion, the polymerisation , 


occurring within the cluster. These •' 
^authors have also found that the ions of “ inert ’’ gases can also act^s, 
clustering centres 1 luis, nitrogen, lielmni, noon, and argon ions hays'' 
,the same power of causing the polymcnsatiou of acetylene as the ion 


^ Sctinct, 1025. 68, 422, 693 



oj tfe gas its^.-' Since these gasea do, not enter mto jwrmaneat^coin- 
,Cl>ihatioD,rlAid and Bardwell terfti the effect “ ionic catmyai§^’.*' 

•This type of catalysis is not confined to polymerisation proces^s' 
, of the^ type mentioned. It was shown tliat nitrogen ions contribute as 
much -as, do the Og*^, Hg^, and Og" ions to the reaction velocity of 
hydrogen-oxygen combination. Since the ionisation of nitrogen, ia 
almost double that of electrolytic gas, when they are mixed in equal 
proportion, iNg to 1(2112 + 02 ), the reaction rate would be expected 
t<5 be nearly three times as fast as if nitrogen were absent, which was 
found experimentally to be the case. Argon when mixed with elec¬ 
trolytic gas was also found to have a positive catalytic effect, though 
less than that of nitrogen. Carbon dioxide acts normally as an inert 
ion catalyst in the polymerisation of aretylene. Tn the oxidation of 
carbon monoxide to carboii dioxide, the reaction product, however, 
appears to have no such catalytic effect, although argon acts as an ion 
catalyst in this same reaction. The reason for tlie failure of carbon 
dioxide to act as an ion c;atalyst for its own production from carbon 
monoxide and oxygon is, therefore, not yet clear. Further work in 
this class of catalysis is therefore promised. 

The polymerisation of acetylene to form “ cuprenc ” can also be 
’ produced by Lenard rays from the X-ray tube. If these high-speed 
electrons be driven under high voltage through metal windows in the 
X-ray tube into an atmosphere of acetylene, a copious production of 
"cuprene” results.^ As yet, no quantitative data are available. It 
has been shown, liowever, tliat the same source of energy will cause 
hydrogen and cldorine to explode, hydrogen and oxygen to combine, as 
is the case, also, with the beta-particles from radium. 


^ Coolidgp, Science, 1926. 



CHAPTER XVll 

CATAl.VSIS IN ANALYTICAL CHKMLSTRY 

Thi; recognition Lif the applicahility of catalytic ojimtions to the 
inirpoacfl of analytical cJiciinstry datoH from tin* earliest days of the 
investigation of catalysis Doi)ereiiiers expenini'iits on tlie coin- 
bustihility of oxygen-hydrogen mixtures in preseiici' of idatimiin wire 
and Sir Hiinijdir)’ Davy’s paridh 1 researches on the ignition of coal 
gas-oxygen mixtures iiy means of fine plalimim wiies introduced into 
them at a temperature below tin* ignition jamit, were Iioth of especial 
and recognisable signitieance in the problem of the imahsis of gaseous 
mixtures Indeed, already m 1821, Tufiht, in a eonimniucation to 
the Royal Society of Ediiilmrgh, pulilislied m the Itdmlmrgli PJufo- 
sofhcnl Jomml} had discussed the e.\|>eriments of Dobereiiier and of 
the )tossihle extension of Ins method to the jiromotion of coinbinatioii 
between other gasi's such as h}dTogen and elilorine or iodine Turner, 
moreover, envisaged the possilnhty of a si'parnl loti of gases by means 
of fractional eombiistion, but was uiisiiceessfiil in his atteinjits Im¬ 
mediately afterwards, the studies of W Ileni y - demonstrated the use 
of platinum in fractional eoinbustion in a senes of ri'scarches still 
of remarkable and fundamental import to the student of catalytic 
proccssi's 

In a similar manner, the catalytic reactions were exploited in the 
direction of analytical ajiplication, either (pialitativc oi quantitative 
The discovery of the eibcacy of platinum as oxygen earner found 
manifold devclojiments Thus, Doberemer'a demonstTation of the 
oxidation of alcohol to acetic acid in jiroseiice of platinum or indium 
sponge ^ was later <i|i|)li('(l as test for alcofnd Kose,'^ recognising the 
accelerating action of platinum on the conihiistion of organic sub¬ 
stances, recommends tlie addition of platinum black m the determina¬ 
tion of ash in (-ombiistible matter, the princqde being later extended 
to other contact substances—lor example, feme oxide® and silver.’ 

' 18.H, 11, 00. 311 ^ ri'il Maq. IS^.O. 66, 200 ’ Mwaggen, J. 18')] (ml, 63, 47fi 

* Canitanjen, JaciJjsni\ I'htm TerJin RfynrI, 180,1, 2, 02 

‘ Hand d atml chetii, 18.’'il, 2, 775 

* Gracgcr, /Ina I'htm , 1850, 111 , 124 , Mulkn, J jtr (Item , 1800. 80, 118 

’ Kastner, Zeikch iivgcm Chem , 1889. 2. 21)5 
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Copper and its compounds were early recognised for their catalytic 
properties, and found application in analytical operations, chiefly in 
gas analysis, organic, analysis, and as accelerators fhr solution processes. 
Thus, Williams utilised the copper-zinc couple^ for reduction and 
estimation of nitrates. The siccative action of^ metallic lead, dis¬ 
covered by Chevreul,^ was the forerunner of tlie numerous analytical 
methods for the determination of the oxidation of drying oils. The 
decomposition of hydrogen peroxides by finely divided platinum 
metals, anotlier of the catalytic reactions already known in the 
Berzelius period of activity in matters catalytic, was also applied later 
to the gas volumetric determination of the peroxide,^ especially in 
solutions containing organic substances. 

With the application, liowever, of the eoucept of reaction velocity 
to a study of catalytically acceh'ratiHl redactions, immense impetus was 
given to the analytical aiiplication of catalysis, both in its ([iialitative 
and quantitative asp(M‘t3. The scope of the investigator was gradually 
extended by a variety of new catalytic reactions, with which it was 
possible to demonstrate the presence and amount of acids and bases, 
and salts such as iodides. This developmiuit led naturally to a more 
fundamental and far-reacliing study of tin* catalytu; reactions, the 
influence of concentration, of non-essential materials which were present, 
of the retardation or ii(*gative catalysis that might occur, a-s well as to 
the mechanism whereby the acceleration of the reaction occurred. All 
of which lias coiitrihiited to a very copious literature whicli it would 
be impossible, even in the scope of the whole of the pres(‘nt volume, to 
record and detail. It setdius apposite, however, to outline tins various 
broad developments of the applkation of catalysis to analytical 
chemistry and to do so m sections dealing respectively with catalysis 
in gas analysi.s, in inorganic and in organic analysis, both qualitative 
and quantitative, as well as in the applications of pliysico-chemical 
measurements. 


(lATALi'sis IN Gas Analysis 

Analytical combustion processes. —The analysis of combustible gases 
by catalytic means is a matter of the utmost simplicity, when such 
combustible gases are [irescnt singly in a given mixture. Thus hydro¬ 
gen, in mixtures of non-combustible gases containing oxygen, may be 
estimated by combustion in the presence of finely divided palladium 
or palladised asbestos even at the ordinary temperature, though 
naturally tlie velocity is usually accelerated by raising the temperature. 
This constitutes the modification by Lunge and by lleinpel of* the 
original investigations of Turner, ^neviously cited, in which researches 
it was shown that with the aid of platinum balls (mixtures of clay and 

* Amlysl, 1881, 6. 36 . ^ Tmte des corpi^ gnu, 1823. 

® Kbell, ZeU/tch, d. Veretns Deutick. Ing., 1881, p. 26. 
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platinum) quite minute quantities of hydrogen or of oxy^gen in mixturea- 
of the two could readily be deteru’ined, even in mixtures the concen-: 
trations of which wire such that explosion methods were not available 
The composition of the gas is readily deducible from the observed 
contraction. 

In a similar manner, carbon monoxide may be determined by' 
combustion with excess of oxygen in a lieatod capillary tube containing 
palkdised asbestos, the percentage being determined m tbe absence' 
of other combustibles by the contraclion in volume observed after 
passage over tlie^catalyst In jiresence of hydrogen, the quantity of 
carbon monoxide con.siimcd is readily obtained by absorption m alkalis 
of the carbon dioxide produced The method in the case of both 
hydrogen and carbon monoxide is by no means restricted to the use 
of the platinum metals as catalytic agents, although these have mainly 
been employed in actual analytical practice For, it can reailily be 
shown that many other agencies will effect the catalytic combustion ‘ 
of hydrogen or carbon monoxide •Thus copper oxide, when suitably 
prepared by alternate reduction and oxidation at low temperatures, 
will readily catalyse the combustion niixtuies of these gases and oxygen 
or air at temperatures below 2(X')'' Jones and Taylor ^ have shown that 
small quantities of oxygen m carbon monoxide may be quantitatively 
converted to carbon dioxide in ])r(‘sence of active reduced copper 
even at 0" C Finely divided mckel is an extremely clfieient catalyst 
for comluistion of hydrogen and oxYgen at conijiaratively low tsirapera- 
tures Ignited bog-iron ore has also been ernjilcyed for low-temperature 
combustion of carbon monoxide and hydiogeti 

Of tlie hydrocarbons, it was demonstrated by Henry that ethylene, 
when mixed with sufficient oxygen, began to burn in contact with 
platinum sponge at 250'’', and was coiupletidy oxidised at 270° He 
further found that methane began to mxidise at temperature.^ just 
above 290° Tbis observation, however, is in sharp contrast to the 
results of Richardt,^ who found no combustion at '150°, and negligible 
combustion in a rapid stream of methane-air mixture through a palladium 
tube even at b00°-(i50° Coquiilon ^ applied the method to the deter¬ 
mination of inetliane in the air of coal-mines, using electrically heated 
glowing platintiin or palladium The method w'as developed by 
Winkler^ and by Leniiis^ with a view to avoiding combustion of 
nitrogen at the high temperatures attained by the platinum spirals 
during combustion The same reaction was made use of by Liveing* 
in an effort to determine methane in suspected mine gas by eompariBon 
of the light intensities of two identical spirals heated by the sahje 
curtent—the one burning in air, the other m the mine gas, ' ( 

Normally, the sulphur-containing gases present m illummatuig and 

' J Fhyeicd Ckem, 1923. 27, 823 * J / G<ulekuc}tl , 1904, 47, 686, 600. . ’ 

* Compt retul, 1877, 84. 458 * Lthr d Uchn <lasanoly36, 1901, p IW 

‘ S« Hempel's (ks Analysia • Phi Mag . 1880 (v ), 9, 126 
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-ffilfel. ga3e9 kfe determined l^y a. catalytic reduction process.^ Theii’ 
esdnmtioD, hoiwever, by a catalytic combustion process was worked out' 

‘ by. Viilentin,^ who passed the gases a<lmixed with air over platinum 
sppnge: heated to redness in a porcelain tube, the oxides of sulphw;/ 
b'dth di- and trioxide, being collected in absorption liquids, completely 
oxidised to sulphate, and then estimated. Various modifications of 
this procedure have been suggested. 

Preferential combustion.-— The princi])al facts u})on which tho 
preferential combustion of gases, as employed in gas analysis, are based 
have been already given in the preceding section. It is to Henry® 
that'wo owe the first fundamental investigations of the subject, and 
upon his methods are based the modern developments of tlie. processes 
of preferential combustion, more especially as worked out by Hempel.^ 
As, normally, absorption methods are used to eliimnate such gases as 
carbon monoxide and the unsaturated hydrocarbons from tlie mixtures 
to be analysed, the main use of preferential combustion is iu the analysis • 
of mixtures of hydrogcui and methane. For tliis purpose Hempel 
substituted palladium for tin; platinum employed by Henry, and it was 
shown that at temperatures not greater than KKF tlie hyilrogcn could 
be burned without the simultaneous oxidation of any methane. Care 
must be exercised, liowever, that the reaction docs not become so 
energetic as to cause loi’al overheating, since, already at 200°, methane 
starts to react with oxygen. With natural gas the methane is associated 
with ethane and occasionally even higher homulogues. Fractional 
combustion, using palladium, is here also applicable; tlie alternative ' 
method of Richardt,^ using a heated palladium wire at carefully 
controlled temperatures, gave less favourable K'snlts. 

Copper oxide at 250° will oxidise hydrogen prefenmtially, methane 
being completely unattacked,® and this method is frerpiontiy recom¬ 
mended, as it does not involve the addition of oxygen, and, in the 
subsequent combustion of methane at a higlier temperature, the possi¬ 
bility of simultaneous combustion of nitrogen is eliminated. Obviously, 
ju such circumstances, the reaction is no longer catalytic, but it would 
doubtless emerge, on examination, that the preferential combustion 
could be conducted catalytically with cojiper oxide as contact agent if 
oxygen or air in excess were added. 

In a recent paper ’ Bancroft has given an admirable survey of the 
problem of preferential combustion, more especially from tho viewpoint 
of selective action of tins catalytic agent. As tlie question is not > 
without considerable interest, not only from the standpoint of analytical ' 
6hemiStry but also from the theoretical point of view and its possible' 
technical applications, it is opportune here to summarise the conclusions 
reached and to outline briefly the possibilities which they suggest. 

• vf ' Sm p. 473. * Chem. Neus, 1868,17/18. 89. Loc. cU. 

* Ser., 1879,12, 1006. *’ Zetisch. ariorg. 1904, 38, 60. 

^ J./. GaaMewAt, 1898, 41, 764. ’ J. Phytncal Chem., 1917, 21. 644. 
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From u tAmme of the work of Henry, Bancroft shows that, in 
contact wit.li platumm, hydrogen burns more readily than ethylene, 
which in its turn is oxidised before methane This is associated by 
Bancroft with the absorptive powers of the platinum for the several 
gases, hydrogen being the most strongly absorbed From the observa¬ 
tions of Lunge and Harbeck ^ it is concluded that carbon monoxide is 
retained most tenaciously by platimim and that in consequence it 
burns more readily than iiydrogmi m contact with platinum, which is 
cociirmed by the work of Henry on mixtures of carbon monoxide, 
liydrogen, and oxygen at temperatures of 150®-17()'’ Henry showed, 
however, that, when lired liy the spark, the preponderance of oxygen 
was taken l>y the hydrogen, and not h} tlie carbon monoxide, a result 
wliicii was later coiihrmed by Bunsen - 

Discussing siibseriueiitly tlie researches of Bone and liis co-workers,^ 
Bancroft points out that the above conclusions are not to lie considered 
anomalous hor. Hone suensnled in allowing that methane readily 
oxidises wlieii hr.atcd witli oxygen in borosilicate biillw to between SOO'^- 
400^ at velocitich eiiurmoii.sly greater than does liyilrogen under the 
same coiiditinns Kxpermients l>y Bone on tlie explosimi of methane 
and hydrogen with quantities of oxygen iiMdei|iia1e foi complete 
oxidation ot lioth gases show'ed, moreover, that tlie methane disappeared 
preferentially iii sin li circiimstanci's In other words, it .xpjieared that 
methane was oxidist'd [ircferentially when burning away from a surface, 
and that liydiogeii duMppeaivd first in contaot witli agencies such as 
platinum or co[i[H‘r oxide In oilier words, tlie nature of the l•olltact 
surface determined the order ol eonibiistion, winch concluMon is 
rendered more piobalile from the lact that, contrary to the reaulLs 
with borosilicate glass, hydrogtm Inn ns more re.idilv than metliane m 
contact with chamotte at 50U" 

The intiuenco of the contact agent is further emphasised from the 
researches of (.'alviTt, who showed * that oxygen adsorlied by boxw’ood 
charcoal oxidises I'thylene to carbon dioxidi‘ and water at the ordinary 
temperature. and, since cliareoal has little (>ftect on a mixture of 
hydrogen and oxygen, it s(‘eni,s [irobalile, according to Bancroft, that 
charcoal would cause preferential burning of othylene in a mixture of 
ethylene and liydiogen The coiidusioii is therefore roaelied that by 
suitable choice oi catalytic agent it should be possible to realise all 
the various alternatives of preferential coinhustion The extraordmary 
possibilities winch such a conclusion w'oiikl entail needs but little 
emphasis in order to be comprehended For it is obvious that, granted 
a successful result from the sgarch for a suitable catalytic contact 
agent, many industrial problems might find an easy solution In this 
connection it may be observed that, in teclniical practice, there is 
already one example of preferential combustion m operation, namely,, 

‘ ZttUch (invrj O/ieifi. ISOS, 16, 00 * Oca Abk, 19(14, 2, 580 

’ J (Him tioc, 190^, 01. 530 cijf * J Vlim Soc, 1867, 20, 293 
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in the removal of sulphuretted hydrogen from illu\ninating gas, by bog- 
iron ore absorption with simultaneous revivification;/» situ by addition 
of air. In this case the iiydrogen sulphide is profef(‘ntiftlly oxidised at 
the ordinary temperature to sulphur. Kideal and Taylor ^ applied the 
principle of preferential combustion of carbon monoxid(^ in hydrogen 
to the determination of the former gas in large quantities of tlie latter. 
A catalyst containing iron, chroininm, and cerium oxidi's was used at 
a temperature of 250*^ C. Copper oxide specially activated, or “ Hop- 
calite ”, a manganese dioxide-copper oxidi- mixtiir(\ ean also be used at 
a temperature of 100'^ C. Tlic carbon dioxide producinl was absorbed 
in lime-water, or, preferably, in ammonia solutions,^ and its concen¬ 
tration determined by the change in conductivity of the solution. 

Gas analytical reduction processes.- - An important, application of a 
catalytic reduction proci^ss in analytical work is tf he noted in tlic 
method for determination of carbon-sulphur compounds in gases by 
reduction in presence of iilatinised puinic<‘ to hydrogim sulphide, this 
latter being subsequently determined by any suitable method. Tlic 
reduction takes place in contact witii th(“, finely divi<led metal at tem¬ 
peratures as low as 300"-350". According to Lunge, however,^ tlic 
method gives results of but moderate accuracy, sinr.(‘, if oxygen be 
present, oxidation of the hydrogen sulphide to sulphur occurs, with 
consequent low results. Th<‘ iru tliod is. however, raphl and con¬ 
venient, which cannot be claimed for the usual “ referei* test” for 
total sulphur, in whieli a measunal quantity of gas is burned in a small 
burner, the sulphuric acid in the products being ab.sorbed and 4‘stimated. 

By conqiarison witli the- discussion on the removal of combined 
sulphur on the t<*clinical scale, given in (.'lia|ite-r VII., it will be seen 
that the catalytic dccoin))osil.iou of <-arbon-siilphur compounds is not 
conhned to the platinum metals, but tliat nickel and iron, oxiih; of 
iron, jmmice, and fireclay all assist the reduction ])rocess: at, however, 
more elevated temperatunis for (piantitative resnlts. 

Vogel^ recommcndiid a catalytic jirocess for the (pialil.ative iletiic- 
tion of combined sulpliur in illummating gas. The t(‘st consisted in 
passing the gas through a heated tube containing strips of copper to 
retain the sulphur, which, on dissolving in nitric acid, gave a solution 
containing all the sulphur in the form of sulphate. 

The method of Knorre and Arendt^ for the dcierminaiion of nitric 
oxide by reduction witli hydrogen in a heated platinum cajiillary tube 
is another applied catalytic process. By slow pas.sage through the 
heated tube, the reaction occurring is givmi by the eijuatioii 

2N0 + 2H2-2H20-tN2. 

There is a possibility of error, however, in that the reaction, if conducted 

^ Analyst, 1910, 44, 80. 

* G. B. and H. S. Taylor, J Ind. Eng. Chm , 1922, 14. 1008. 

* Te^nkal Oas Analysts, 1914, p. 2,56. 

* Ber., 1869, 2, 741. & Ibid., 1899, 32, 2130 , 1900, 33, 32. 
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."too ijuickly, may proceed to the production of some ammonia, with 

* consequent variation of the volume relationships upon which the 
, method of estimation is based. 

In a similar manner nitrous oxide may be estimated, the reaction 
occurring being 

N20 + H2 = Hj0 + N2 

Owing to the difference in the two volume changes, this method can be 
ajiplied to a mixture of both nitrous and nitric oxides 

According to Trcndwell,' Poliak lias qhown that carbon monoxide 
may be used ;is t,ho reducing agent for nitric oxide provided the carbon 
dioxide be absorbed as it is formed 

Dissociation processes—The catalytic dissociation of nitrous oxide 
into its component elements has been recommended by Winkler,^ cited 
by Woker ^ The gas, wlien passed through a heated platinum capillary, 
is converted into nitrogen and oxygen 

2N30-2N3+U., 

and, from the increase in volume, the (|iiantity of nitrous oxule may be 
determined Obviouslv, liuwever, if hydrogen lie jiresent, the previously 
discussed reduction will occur 

As IS well known, most metals, even at the ordinary temperature, 
accelerate the decomposition of ozone, nr are cunvertod by it to per¬ 
oxides Thus, tl\c action IS marked in the ease of menury, which, 
after tteatmeiit tliercwith, adheres iii thin filina to a glass containing 
vessel The conversion of briglit nieUllic silver Ui a black superoxide, 
IS employed as a metliod of detection of the gas Lead, copper, nickel, 
and cobalt are similarly attacked, as well as many of the lower oxides, 
which are converted to peroxides, as, for exatnjile, lead and manganous 
oxides Maiiehut '* lias studied, in connection with the action of silver, 
the catalytic acceleration ol the inoeess by the presence of iron, and 
has shown that the nnmitest traces of this metal, preferably in thc' 
form of oxide, facilitate both the formation of the black peroxide and 
also the subsequent (Iccomposition of the remaining ozone by means of 
the peroxide. The blackening is obvious, even in solutions containing 
but one part of ozone in 10,0()0 parts of the solution, and, with its 
aid, the pre.senoo of ozone in the hotter parts of gas flames is readily 
deraoiistrabh' 

Ozone in presence of finely divided platinum is completely decom¬ 
posed, yielding oxygen With tins fact in view, Tommasi ® suggested 
the doterinmation of ozone m presence of chlorine and nitrous acid by, 
the dificrencc in titration of two standard fcrrocyamdc solutions .when 
treated with samples of gas, with and without the previous dedooi* 
position process with platinum sponge 

1 ‘ ViJ II p 567 ‘ Anhl : dm VtiUrsvch i Miulriejase, 189S, p.'42T 

* * Kalalytemd annJ Cheia, 11iri,p 317 

‘ >^6.39,3510, 1007, 40. iS'll , 1308, 42, 394S ^ CJm A’eun. 18791 99,284. 
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. I‘ *A c,a8e of preferential decomposition studied by RicHtor ^ illustrates ,* 
thfe analytical application of catalysis by nickel. It.was shown that in'■, 
a ..miituro of ethanCj methane, and hydrogen the 'action of a hgated 
nickeliSpiral brought about the decomposition of ethane to carbon and 
hydrogen. The methane, however, is slightly attacked if the reaction ' 
be carried .to completeness. The tendency of etliane to decomposition 
.intA the elements is illustrated by IJone's experiment,^ in which an. 
explosion of a mixture of ethane <and insufficient oxygen yielded a, 
dense cloud of carbon. Mixtures of ethylene, liydrogon, and okygcii, 
and of acetylene, hydrogen, and oxygen with the same total carbon: 
hydrogen: oxygen ratio as in the ethane (wperiinents. yielded prac- 
,tically completely carbon monoxide ami hydrogen with little or no 
steam formation—another example of preferential combustion similar 
to those previously discussed. ' 

Absorption processes. In tin*. al)sor[)ti(»n processes of gas analysis, 
by far the most important case of catalysis is one of inhibition, the 
retarding action of gases on the absorption of oxygen by jihosphorus. 
In the analysis of coal gas, it is well known that the use of the phos¬ 
phorus absorption pipette is not advisable, since traces of unsaturated 
hydrocarbons paralyse the activity of the ])hosphorus. fjunge ® states ■ 
that among the substances interfering with the absorption of oxygen 
are, according to Davy, (irahani, and A^ogel, hydrogen sulphide and 
phosphide, carbon disnlphidi*, sul})hur dioxicie, iodine, bromine, chlorine, 

■ nitrogen peroxide, ethylene, acetylene, otlier, alcohol, petroleum, oil of 
turpentine, cujhonc, creosote, benzene, ammonia, alcohol, tar, and 
many essential oils. Ethylene in concentration of 0-25 per cent by 
volume, it is further stated, is suffiedent to produce tlus clfect. Haber ^ 
found 0*17 per cent sufficient, while Hempel is of ojiinion that 0*01 per 
cent is sufficient. A considerable controversy has revolved around - 
the supposed retarding action of methane and the higher saturated 
hydrocarbons. The experiments of Brunck, however, would siieiii to 
oppose the view that these act as negative catalysts, since it is stated 
that the disturbing substances can, in most cases, lx; removed by 
previous treatment of tlio gas with fuming suljihurie arid. 

The mechanism of the retarding action is ([uite imcxplaincd. 

' Centnerszwer associates the action with tJie. unsaturaied character of 
the inhibitors. Bancroft,® in a general discussion of catalyst poisons, 
shows tfeat it is ’possible to “ account for all the cases that have been 
-considered if we postulate suitable and not imi»robable adsorptions ”, 
the poison being preferentially adsorbed and decreasing tlie normal 
adsorption in absence of the poison. The case of phosfihorus, however, 
is not included in Bancroft’s survey. • 

i, An error in the oxygen estimation by phosphorus absorption may 

^ IHss.; Dresden, 1909. * Vroc. Hoy. Iml., JWS, 19, 82. • 

* Technical Qaa Analysis, 1914, p. 121. ^ Habiitlalionsarfieil, Muiiich, 1890, p. 97. 

® Ziitsch. phyaikal. Chem., 1898, 26, 21. * ./. Physical Vhem., 1917, 21, 734!' 
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be attributed to catalytic influence It is found, according to Bau¬ 
mann ^ and Leed^,* that carbon monoxide is oxidised by oxygen to 
carbon dioxide la presence of phosphorus Tins was denied by Remsen 
and Keisor,* but reiterated later by Baumann * and by Boussmgault,^ 
who, however, showed that the amount was exceedingly small, and has 
been attributed to'the ozonising action of phosphorus on oxygen 
Of catalytic accelerators in absorption processes, mention may flrst 
be made of the addition of alkali to pyrogallol in order to promote the 
rate of absorption of oxygen Originally discovered by Dobereiner, it 
was introduced into gas analysis by Liebig, and provides an absorption 
agent of high efhcieney The addition of mercury sublimate to alkaline 
solutions of jiyrogallol in order to accelerate the absorption of oxygen 
has also been proposed ** Its use, however, increases the possibility of 
carbon monoxide'formation fiom the jiyrogallol, which has been shown 
by a number of nivesligators ’ to Innder exiict work, unless the carbon 
monoxide can bo removed prior to the taking of the volume reading 
The addition of vanadic oM<le or of nraiiyl .siiljihatc to strong sul- 
])hunc acid (sp gr 1 B4) is recommended hy Lel.ieau and Damiens® as 
a rapid absorjdion agent for olefines in place of fiiimiig sulphuric acid 
Lommcl and Engelhardt ® have recently churned that silver sulphate is 
an excellent aeeclerator of reaction between ethylene and sulphuric 
acid. They state that addition of ethylene to the silver salt oeciirs as 
a first stage in the jirocess They suggest that the ethylene tension 
IS so dimmish(‘d that the method may be used foi aiialytual purposes, 
if phosphoric acid is added to the silver .salt solution \ trial of their 
proposed solution did not, however, givi' one of the auttiors (H S T ) 
as satisfactoiy results as the broniiiie inctliod 


Cataiasi.s in Inoiiuanio ANAtlSIS 

Ctadation processes.— Of considerable im[)ort!iiico iii analytical 
technique, and at the same time of great inteiest from the theoretical 
point of view, is a senes of vulumctnc operations m which potassium 
permanganate is cmjdoyed as o.xidi3ing .agent The catalytic mlluence 
of manganese sulphate in all these reactions has long been known and 
studied Thus Harcourt and Essoii observed the accelerating action 
of manganese sulphate formed during the reaction between (lotaasium 
permanganate and oxalic acid, when conducted iii presence of so[^hunc 
acid. A study of the kinetics of the process was made, ^ which it 
was shown that, for a given time interval, the velocity of i taction, m 
presence of a constant quantity of permanganate but wu[j varying 

‘ Ber, 1883,16, 1146 “ Chm. News. 1883. 48. 26 

’ Amw CA«« J. 1883,4.454 * £cr. 1884. 17. 283 \ 4 

* Vompt rend, 1864, 68, 777 NtMftanft, Vompi rend Sue de Btd, lllOol 51, 86 

’ See Clowes, Zeilsch anul Vhem , 18y7, 36, 604 ’ Cvmpi rend , 1013,156.',^67 

» Bet . 1924, 57, 848, B I’ 185787 m Tram , I86«, 166, ’ 
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amountB of oxalic acid, sulphuric acid, and manganese sulphate, was 
proportional to the amounts of sulphuric acid and Manganese sulphate 
initially present, and also dependent on the quantity of oxalic acid, 
but in no simple proportionality. It was shown that, with oxalic acid 
in excess, permanganate disappeared with time in accordance with the ' 
unimolecular la^v. • 

At a much later period Schilow reinvestigated the reaction kinetics.^ 
Ho showed that, with the oxalic acid in great exc<‘ss, the progress of 
the reaction can be expressed by the velocity e(|uation 


dx 

dt 


k{a-x)x, 


where a denotes the original permanganate concentration, and x the 
amount converted into manganese sulphate in the time 1. With initial 



KK5. LM). 


con(?entration, h, of manganese sulphate, tin; reaction (Mpiation would 
therefore be 


dl 


= k{h + x){a~ x). 


It can be readily demonstrated mathematically in regard to the former 
of these two equations iliat the maximum velocity is attained when 


and in the second case tlu! same is tnn.' when 
'* a--b 


This conclusion was experimentally verified in both cases, it being 
shown that, starting slowly, the rate of reaction steadily increased, 
until, at the period of half-decomposition, it attained its maximum 
and then fell away. The plot of an experimental curve in an experi¬ 
ment in initial absence of manganese sulphate is given in Fig. 26. The 
» Her, 1903, 36, 2735. 
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■ reaction fOrmS, therefore, a b^htifui example' of indue,tipo^ m ■which 
,' it must be observed ‘that the phenomenon is due to the autoproduction 
pf catalytic agents, and not, as in the hydrogen-chlonne combination, 
to the progressive displacement of retarding agents 

Scliilow conclu(le<i from these studies that the concentration of 
oxalate, so long as it was in excess, practically did not influence the 
reaction, and that what was being measured was the velocity of the 
reaction between the higher and lower states of oxidation of manganese. 
The equations representing this view would be 

(1) Mn(()n),-f 2 COOH=MnfOH )3 4 dCOj + dHjO (very slow) 

COOH 

( 2 ) Mii(Oir)j ,4 2COOII--Mii(On)^ 2('OOII (extremely rarud). 

I I 

coon COOH 

{3} Mn(OH)j+Mn(OH),, 2(COOH), 

=2Mn(OH)j 1 ‘K'O.j f-tiUO (measured) 

TLe last reaction apjiarentlv, aceordiiig to Scliilow, may represent the 
sum of two successive reart.ions 

(3«) Aln(011)j i-Mn(0]I), 2 (C 00 H )2 

=]Vln(OH)e + ]Vln(OH),, 2 (COOH )2 (nK^asured). 

(3h) Mii(OH), 2(COOH)j|]llu(OII)„ 

-2Mn[OII)j I 4 C 0 .^ 4 - 4 II ,,0 (extremely rapid). 

It 13, however, to lie understood, aceordijig to Sehilow, that the 
above aehenic of reaction .ipplies unly to the particular conditions 
chosen by liim Alterations m the acid conceiitrntioiis employed, 
raising the temiierature above 2.3°, and the addition of catalysts such 
as iron, chromium, and silver salts, would all tend to increase the 
velocity of the first reaction, and load, therefore, to a different velocity 
equation of the form 

dx 

^l^-lc^{a-x)"{c-xy‘’-\ i^x(a-x], 

0 m this equation referring to tlm concentration of oxalate, and 1^3 
to the constants of the equations (1) and (3) 

Sclulow extended the.se studies' in his researches on the coupling,' 
of chemical reactions, and concludes that the above conclusions are 
applicable generally to permanganate, oxidation of such oxy-acida, . 
€ g tartaric acid, as show a toiideiicy towards complex formation > 

A somewhat dillereiit conclusion is reached by SkrahaP' He 

' ZtJlsfh phyttiM C hem, IW.!, 42, G(il 

* Xetlfdi (Ill'll Chfm, Hta.l, 42, JJII, Ztiinch nnonj Ohm, 1904, 42, 60, ZeUaci. 
cAoh , 1905, 11, 653 . ' 
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^umcS, like Sohilbw, aa, intermediate stage of oxidation and an 
intertnediate product?; the manganic ibn, which reabts t^ith oxalic acid 
, more rajadly than the permanganic ion. He distinguishes three perio(k 
in the reaction: (1) The incubation period, in which permanganate 
and oxalic acid interact to give carbon dioxide and manganic ion, 
which latter reacts extremely rapidly with further oxalic acid to give 
the manganous salt and more carbon dioxide. The reactions would be 

KMnO^ f COOH —y Mn*" 4 (!02 {measurable). 

COOH 

Mn’" + COOH —> Mn(OH)2 + CO2 (extremely rapid). 

COOH 

f^) The period of induction, in which the manganous oxide and 
.permanganate interact to yield ihc manganic ion, wliicli reacts, as 
above, but which tends also to form an oxalate complex and the 
oxidation stages Mn^^ and Mid'', according to the .scheme: 

Mn{OH)2+ KMnO^—> Mn'" (less rapid). 

Mn'" + {COOH)2- -> Mn(0H)2 fC02 (extremely rapid). 

Mn'" + (COOH)o—>■ Mn{Oil).,C00H (extremely rapid). 

'i 

0001! 

Mu'" —>- Mn(0H)2 + Mn(011)4 (extremely rapid). 

(3) The end period, which is twofold in nature, corresponding with 
the disappearance of tin; manganic-oxalate complex and of the conver¬ 
sion of Mn^^ and Mn^'^ to manganous oxide, the retardation in the end 
period being attributed to the slow decomposition of the manganic- 
oxalate complex: 

End period {a). 

Mn{0H)3. COOH —> Mn** (measurable). 

COOH 

Mir"-l-C0011 —Mu(0H)2^■C02 (extremely rapid). 

COOH 

End period (h). 

■ ■Mn(0H}2+Mn{0H)4—> Mn'" (less rapid). 

Mn’" + C00H —> Mn(0H)2-f CO2 (extremely rapid). 

W COOH 
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Tbe permanganate titration of iron m presence of hydrochlonc acid 

Lowenthal and Lennsen ^ showed that m titrating ferrous iron with 
permanganate solution, more permanganate was required than theory 
demands if tlie iron solution was acidified with hydrochloric acid, and 
that tins could he explained as htnng due to an induced reaction 
of the type studied hy Kessler ^ Interaction occurred between the 
hydrochloric and perm.ingaiiatr with production of chlorine, thus 
using permanganate in excess of that required hy the iron This 
reaction, which ordinanlv would not occur, is mdiiced by the simul¬ 
taneous oxidation of the ferrous salt, the reaction hemg representable 
by flic equation ■ 

10Hr'l + 2KMnOi -2K('l + 2MH(l i hCI,, i 211^0 
Kessler showed^ that tiie additinii of mangaiuiiis salts prevented 
cliloniic evolution The reaction was earetiilly studied by Skrabal,* 
who assooaled tlie clilorine ]iindintion, us liad Zmnnermann pre¬ 
viously,''' Willi tlie torniatioii 1iy the peiniiiiigan<ile of a liigher oxide of 
iron, which, aceording to Maucliot,** u.ia to lie regaidisl us KcjOj The 
two reactions occuning would therefurc lx; (</), the mam reaction, 

Ke.Oj i lhV-:tl'’e.(l5, 
and {h). the induced reaction. 

Kejtlj + dHI'l-l'V^Oj i-2l[,(l + 2(T 

Within limits, it wa.s shown that, with ri-<iiig hTnnis mu I'onccntration 
and decreasing livdrocldoric jcid concentration, the cxce.ss perman¬ 
ganate reipiired was ib'creascd 

The addition of manganous sulpliate, it was shown, corrected the 
teiidencv to clilorine production, not liy a retarding inlliicncc on the 
induced reaction, hut hv its strongly catalytic eflect on the iron oxida¬ 
tion process, giving it .i velority so great that negligilde quantities only 
of hydroclilone acid iiave tlm time to oxidi.se ISkrahal showed that 
the thcoreticu! aspects of the oMilation |iroces,s gave results as to mode 
of ojieration wliieli wore m aiihstantual agreement with tliose actually 
toiind in analytmal practice 

Treadwell gives data of Znumermaiin and Iteinhardt for per- 
manganale titration of vamidmm in presence and ahsence of iron 
Muller and Diefenthaler’ carry out the process in hydroclilone acid 
solution with addition of manganous salts, winch accelerate the primary 
reaction us in the case of iron just considered The corresponding 
reactions with tungsten and molylidcnum were investigated by van 

\ ('««? C'Arw . ISOI, 1. IIJU, ./ pr , ISC,.’, 96, 11)3 

^ rotjg An , IS-io-W. 95. 96,113.1181119 

‘ Ikd. J&llt, 118 48, 119, ’r> 

^ /filaf/i im:l <'hoji, UKU, 42, IVi, ZcHxli amirg Clim , IDul. 43, 4S, 76 

' «cr. 1881, 14 , 77'), Zti!:,c/I (inn! Ckm, 1882, 21 , 307 

* An’idhi, 19U2. 325, 5)3 ’ Zcihd auorg O'hem, 11)11, Til 343. 
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der Pfdrdten.^ Follenius ^ showed that with uranium salts the same 
induced reaction occurs, and Zimmermann ® showed the importance of 
addition of the manganous salts in the titration psocess. In the well- 
known Volhard method for permanganate determination of man¬ 
ganese,^ which subsequently has been modified by a considerable 
number of analysts, manganese sulpliate acts similafly as an accelerator 
the reaction occurring according to the general ecjuatiou 

2MjiO/ -f 3Mn" + ■ -> SMiiOj + 4H*. 

In the previously cited research of Skrabal ^ a tlieorqtical investigation 
is made of the low rt'snlts which may be obtained. 'I'liese latter are 
due to the incompleteness of the oxidation of the manganese to dioxide, - 
owing to simultaneous precipitation of imoxidised manganous oxide 
with the dioxide. According to Skrabal this precipitation tends to 
occur owing to the decomposition of the manganic oxide formed in the 
first stages of oxidation : 

4Mii - f MnO; 4 811' -bMn' - + 411.^0. 

The trivalent mangancsi* tlicn dec.ojiiposes acc(>rdi]ig to equation : 

2Mn'" —> Mn'"' + Mn“. 

The analytical methods eniploy(d have, as their aim, the suppression 
of the precipitation of the manganous oxide, which rca<4.s with further 
quantities of permanganate until completely converted into the dioxide. 

Finally, the sami* catalytic ph(‘nom<mou is to be observeil in the 
titration of hydrogen jwroxidc solutions witli j)ermanganate, and in 
the titration of sulphites. In the latter case Honig and Zatsek® 
express the opinion tliat low results are due to formation of a certain 
amount of dithionate, which Mill)au(‘r" pro|K)se8 to siip[»ress by working 
with excess of ])ermanganate, strongly acitlified with sulphuric acid, to 
which the sulphite solution is added, the excess pi*rmanganatc being 
titrated by oxalic acid solution. 

Ferrous sulphate may be emp!oy(‘d as accelerator in the qualitative 
test for hydrogen peroxide. The lil)eration of iodine from potassium 
iodide solutions by hyilrogen peroxide is ordinarily an extremely slow 
process; by addition of fernms sulphate the reaction proceeds rapidly, 
and is also extremely sensitive, so that minute traces of the peroxide 
may be detected.® The peroxide-iodide reaction is inliibited by acids, 
and does not occur, even in presence of ferrous sulphate, in acid solu¬ 
tions. If, however, a ferrous-copper sulpliate mixture is employed, the 
sensitivity of the test is restored, a remarkable case of activation. 

^ Ann. Chitn., 1884, 222, 137 ; Zexlsch. anal, ('hrm., 1884, 23, 413. 

* ZeUnch. anal. Chm., 1872, 11 , 179. ® Ann. (Jkm.. 1882, 218 , 285. 

. * Ibid,, 1879, 198 , 318. Znlsch. anory. t'hcm., 1904, 42 , 60. 

• Monatsh., 1887, 4 , 738. ’’ Zeilach. rrW. C'kem., 1909, 48 , 17. 

* Schonbein, J. pr. CAcm., 1859, 79 , 66. 
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Price'i noted'the catalytic activity'df ferrous sulphatf in the 
interaction of potassium persulphate and potassium iodide, 

K2SjOg +2KI=2K2 SOj+I2, 

showing that the normal bimolecular reaction was accelerated pro¬ 
portionately to tho'concentration of the catalyst, yielding, therefore, a 
velocity equation of tiie form , 

^~^=kc{a - x){h - x), 

where c denoted the con(‘(‘iitratioii of catalyst, ami « and b the initial 
concentrations of the reactants The reaction occurring may be 
applied to the analytical determination of the persulphate 

Of further oxidation processes m analytical chemistry in which 
catalyt.ic activity is invoked, mention may he made of the influence 
of alkahs in promoting oxidation processes Thus the oxidation of 
the arsenious to the arsenic stage by chlonnc and bromine takes place 
rapidly m alkahiie solutions 

Reduction processes. -In the operation of reduction processes in 
chemical analysis with the hydrogen evolved liy interaction of metals 
and acids or alkalis, the catalytic rule is well illustrated 

As IS well known, nitrates, nitrites, and clilorates may all be deter¬ 
mined analytically by reduction . in the lirst two casi-s to ammonia, in 
the last to chloride, followed by subsequent estimation of the reduced 
product Further, llie rediution of solutions containing iron salts, 
prior to estimation by ]icrinaiigaiuite, is also an analytical oper^ition 
of frequent and important use To effect the reduction, numerous 
methods of generating the hydrogen have been adopted, both in acid 
and in alkaline solution.^ 

For the reduction of nitrates in acid solutions i^inc was originally 
employed as reducing agent, but, owing to the tendency which is 
exhibited by this metal Ui yield tlie, easily decomposed nitrous acid 
and the consequent errors due to loss of nitrogen, xmc has been aban¬ 
doned in favoui of iron ULsch showed that reduction of nitrates, 
using iron and siiljiliunc acid, yielded ammonia quantitatively without 
the foruiation of the iiiterniediate products It was found also that ■ 
the ferrous aiilphale produced m the course of the reaction : 

2KNO3 + 8Fe lOHjSO,=K2SO4 + 8FeSO,+(NKJ^SO, -t- ■ 

accelerated the reducing action m marked degree 

In addition, however, to the catalytic influence of the reaction 
products, the reduction phase may also be modified by the use of 
activated metals as ageuts for hydrogen production, In the case 
of zme, it was shown by Williams ® that m the detorrauiatiou of nikat^ 

* ZaUch Chm , 1898, 27 , 474 , 

» flHfll Chm . 1891. 80 176 * Anahjet, 1881 , «, 34 ' 
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in watei'tlie substitution of a zinc*copper couple,'as orgiaally enaployed 
by Gladstone and Tribe, for the ordinary zinc dust gave a reagent 
extraordinarily well suited to the purposes of reduction, and capable 
of further aoceler^Jtion by addition of neutral salt-s and dilute acids."' 

showed that the corresponding copper-iron couple was a more 
Active agent than iron alone, and in suitable circumstances could be 
operated at the ordinary temperature. The use of such an agent also 
possesses the advantage that the ferrous sulphate formed neutralises" 
the inhibitory effects wliich chlorides exert in tlie reduction of the' 

■ nitrates. Schmidt ^ employed a zinc-iron mixture in acid solutions. 

In a similar manner the use of the zinc-co])per couph' as agent for 
the reduction of chlorates to chlorides has h(‘cn studu'd and recom¬ 
mended by Thorpe and Plccles ^ and by Botliamh'y.and Thompson.* 

The reduction of solutions of ferric salts by zinc amalgam in sulphuric 
acid solution is another application of the aetivatctl metal in analytical 
chemistry, Muller and Wegelin '* show tliat the reducing agent is 
eight to nine times more c()m])lctely u.sed in tlie casi! of the amalgam 
than with pure zinc, althoiigli tin? ri'action v(do<“ity is slower. By 
addition of cojiper sulphate solutions in minimal amounts, tlio reaction 
velocity of the amalgam may he so far accelerated as to overcome this 
disadvantage, ('oiiper and silver in the metallic state, according to 
Muller and WcgcIin, also catalyse the reduction of iron by zinc amalgam, 
presumably by interaction of the initial witii ferric iron : 

OiH- Fe"'-Ke’'-i-(hi', 

and subsequent reduetion to the metallic slate of the zinc. 

In the alkaline reduction of nitrates it was sliown by Vernon 
Harcourt® that, using zinc and a<[ueous ])otasli as T(‘ducing agent, 
only three-quarters of tlie nitrate was convertinl into ammonia. On 
the other hand, if a mixiure of zinc and iron was emjiloyed, reduction 
was complete. In jilace of the zinc-iron mixture, zinc slightly covered 
with a coating of cojiiier has also been employed. 

Reduction in alkaline solution with aluminium results in complete 
conversion of nitrates to ammonia. Modern developments of the 
alkaline method, however, mainly employ a ternary alloy of aluminium, 
copper, and zinc, known as Eevarda’s alloy, after the inventor.’ The 
original alloy was com]) 08 ed of 50 parts of copper, 45 parts of aluminium, 
and 5 parts of zinc. Ijalor specifications suggest 59 ]>art8 of cop|)er, 
59 parts of aluminium, and 2 parts of zinc. The attack by alkali is 
very rapid and energetic, and, after a half-hour’s reduction, distillation 
' of the ammonia may be undertaken with quantitative results. 

' , The use of sodium amalgam for reduction of nitrates is yet anerthor 
application of the principle of activation. 

^ ioc. cil. * rh^m. Zeil., 18M, 17, ITI 

• '» /M.. 1888, 53, 164. 

» Zemch. ami Chm., 1011, 50, 615. “ J. Chem. Hoc., 18«:\ 15, H8.'); 1863, 1$, 280. 

' ' ? Zeit., 1802, 16, 1053. 
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The theoretical cx^ilanation of tlic pnticiplc of activation is to be 
sought largely in the eleotro-chcmical behaviour of such alloys as 
compared with the single metals As such, the matter has been fully 
treated elsewhere {Chapter XV p 424), and so it w not necessary here 
again to enlarge iipop the point A further factor of possible inliuence 
has been emphasised by Bodlandcr,^ who associates catalytic activity 
in such cases with the rate and state of evolution of hydrogen from 
such metallic coin>les It is at the metal surfaces that, the reduction 
undoubtedly occurs, and the nature and com|)osit.nin of such surfaces 
may deterininc the nature of the hydrogi'ii evolution and the participa¬ 
tion of the gas m the reditcuig aeliun 


(■ATAl.V^llS IN OllCANIl' '\nAL\S1S 

Elementary analysis. Ilistornallv considered, the most important „ 
application of catalysis in organic anahsis is to lie found m the deter- 
niinatioi! of the com|iosilu)ii ot ergamc eompoiimls by method's of 
combustion The famthar metliod oi dcterniiimigenrboii and hydrogen 
in such materials hy (omlmstioii with oAygon in jin'smice of copjicr 
o.xide IS at once a elas.sical e\ani|de ot <’.-italysis and an operation of 
fundamental import to the organir rheniist (ray-Lussac in 1816 
emjdoyed cop[iei o.vide in the aiiaKsis of iirie acid uinl tin' inocess was 
immediately tested and found applicable by Dobereiner, Prout, and 
Beraiitl^ In all these eases, liowevei, the malenal to he analysed 
was mixed mtimatcly with tin' eoppiu ovide and thus brought to 
eoinbiistion The model n di'Velopments of the proi'css date from the 
time of Lielng. whose invchtigalions of the operation determined the 
lines of subseipient [irocedure, i unveiling the process to one. of com¬ 
bustion of the organic compound with oxygen m presence of the copper 
oxide as cataly.st 

Moditicalions of the eojiper oxide method liave been largely 
developed during tlie past two decades, more esjteeially m the direction 
of suhstitutmg fur copper oxide, platiiium, in suitable form, as contact 
agent Tlic adoption in many ])resent-(liiy laboiatoncs of the sim- 
plitied method of analysis due to Denuhtedt is evidence for the progress 
which such modifications have made 

The high activity of suitably prepared platinum in the oxidation of 
the*products of organic combustion was demonstrated by Kopfer ® He 
employed a mixture of platmmu black and asbestos in order to obtain 
a maximum surface effect for tiie contact material, and with substances 
containing carbon, hydrogen, ^d oxygen only, a eorabustion tube 
containing the substance in a boat followed by the platinum asbestos 
IS all that IS required besides the usual absorption agents for carbon 

' Inl ('i)Hg Api) Chem. IWl e * 

’ AVAu'Jifffffr'* J . ISie, 16, 17, ISIS, 22, ISeO, 29 •* tt’idcA anal (Hit.ia , 187,8,17 
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dioxide and water. With nitrogen-, sulpimr-, and haldgen-coutaining 
bodies the usual absorption agents for such substances were required. 

Claesson* utilised heatt^d platinum in a metjlod for determining 
sulphur in o^anic compounds. The substance was burnt in an 
atmosphere of oxygen containing oxides of nitrogen, which, on subse¬ 
quent contact with heated platinum, oxidised the»8ulpluir to sulpliuric 
acid, which could then be absorbed in water and estimated. Claesson 
extended the process to the determination of halogens, and this was 
likewise proposed by Schwarz ^ for the determination of bromine, and 
by Zulkowsky and Lopez ^ for lialogims generally. Tliese latter sug¬ 
gested platinised (juartz as contact material, tin* aliaorption agent 
being ammoniacal hydrogem peroxide., which alisorbed all tlui halogen 
acid produced in the process and rcilueed any fn'e halogen formed to 
the corresponding acid, according to tlu' etpiation , 

llgOa + Xa-^illX tOs, 

^Various experimental nnxliticaiions of the use of platinum were 
made from time to time. I’liiis tlie use of })latimim oomlmstion tubes 
was rccommeiKh'd,^ without, however, any lamsiderable development. 
Electrical heating of platinum spirals lias fre(|iiently been recommended.'^ 
The elaboration of the method of organic analysis, einjiloying platinum 
as contact material, is dm’, however, mainly to the resi’arches of Deun- 
stedt, who has succeeded in perfecting a method of analysis of organic 
compounds, where])}-, in om’ operation, carbon, liydrogen, nitrogen, 
sulphur, and lialogen iiuiy all he estimated. 

The essential principles iijum whicli the Dennstedt metliod of 
analysis is based may be here outlined, the. actual exj)erimental details 
being, however, idiminated, since these arc readily obtainable in the 
modern texts of practical organic (diemistry as W(‘ll as in the original 
literature.® The contact material originally omjiloyed was composed 
of platinum (obtained by ignition of the jiyridine double salt) or of 
platinised quartz. LabT, use was made of thin pieces of platinum 
foil, star-8ha])ed and fitted on to a central strip of foil 6-8 cm. 
long. The advantage of using foil over the finely divided preparations 
lies in the fact that minimal amounts only of sulpliuric acid are retained 
by the foil, whenuis using platinised asbestos marked’amounts of the 
acid may be occludial, most probably by the asbestos as well as the 

1 ZeH3ch. anal. Vhem., 1S83, 22, 177 ; Jfrr., J88«, 19, I!HU . 1887, 20. SIXW. ” 

* 1882, 8. 12\\. ^ Ilnd.. 1884, 6, .7:17. 

* Gooch, Amfj. dhem •/., 1880 88, 2, 247 ; Dudley, lOtd , 1888, 10, 43’{. 

® Carrasco and Planchen, Oazzcllo, 36 , 492 : Brelcau and J^sruuv, Cimjit rend., 1907, 
146 , 524 ; Milacii-jack and Roth, Ziit>,ck. angew. dhein . 1914. 27, 5. , 

* See, for example, l)cnnsU-dt, Die Untiackhng dn urgnimchen Elmfntarnmh/se ; Ahrens 
Sammlung, Bd. 4, Stiitlgart, 1899 ; Anleilung zur vneinfnrAti'H Kknif-ntarnmlijef, Hamburg, 
1906 ; Zetisch. angew. Chem., 1897,10, 4(12 ; 1904,17. IM); 1905,18. 320, 1134. 1.562 ; ZeMack. 
arwl. CAem.. 1901, 40 , 612; 1902,41,525; 1903,42. 417; 1900.48.26; 1!K)7, 46, 26; Her., 
1897,30,1592; 1905,38,3730; 1906,39,1023; 1907,40,3677,4300; 1908,41,600.2778. 
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platinum. .In the eaflier forms of apparatus, some few centimetres 
beyond the contact iliass, in the coqjbustion tube, were placed two 
weighed boats conWining finely divided silvet, which, m the operation 
of tlie .process, wete heated to nrca 300° and served to retain halogens 
and the sulphur, which, in the course of tlnj oxidation process, had been 
converted to sulphuric acid Beyond tiicse boats were placed two ■ 
weighed porcelain boats filled with lead superoxidc to absorb any 
sulpliurous acid and nitrogen dioxide As was first shown by Henry 
lead superoxidc niay be used as absorption agent in sulphur determina¬ 
tions, and Warren ^ utilised tins alisorption for quantitative determina¬ 
tions Kopfer eni'ployf'd the same material for retaining oxides of 
nitrogen. The opciatiug temperature for the lead [lero.Kide isciica 150° 
Calcium chloride and potash or soda-hmo alisorption apparatus are 
attached to the coinjmstion tube for determination of water and carbon 
dioxide The addition ot a hidddcr containing palladium chloride 
solution to the end of the apiiaratus serves as an indicator that com¬ 
bustion IS comph'te, since mtomplcle uMdation eause.s a Idackening of 
the solution, duo to reduction 

If, ill addition to carbon, hydrogen, and oxygf'n, halogens alone are 
present, the increase in weight of the vessels coiiiaming silver gives 
the amount of halogen jiioseiit If nit logeii he jtresenl but not sulphur, 
the increase m weight ol the lead peroxnh' corresponds with the amount 
of nitrogen jiresent Sulplinr, wlien present, is divided between the 
vessels contanimg silvi'r and the lead |)eroxide, and when assooihted in 
the original matenul with halogen and nitrogim must he separated 
therefrom m tJie two cases Tins is eiU'clod tluis the sulphur is 
present in the vessels containing ‘silver as the sulphate and is separated 
from the liahdes by digestion of tlie silver witli water, whereby the 
sulphate is dissolved, and may then he added t/i the sulphate m the 
superoxidc The Inalogfuis are then extracted from the silver by means 
of potassium cyanide and determined in the usual gravimetric manner 
after elimination of the cyanide by boiling with nitric acid For the 
determination of sulphur and iiitiogcn m the lead peroxide, the residue 
after eombiistion is extracted with 33 [ler cent alcohol in which' the 
sulphate is jirecijutated Tlio alcoholic I'xtract is made up to 100 cc. 
and an aliquot, portion thereof evaporated to give the quantity of 
nitrate jiresent 

In later modifications of tlie Dennstedt ]irocess it lias been found 
advantageous to eliminate the silver vessels in all cases except those 
in which iodine is to be estimated Bromine and chlorine are .absorbed ' 
qmte conveniently by lead perojcido, iodine, however, is not retained. 

. In substances containing nitrogen, sulphur, chlorine, and bromine, the 
dead peroxide is extracted with sodium carbonate or bicarbonate solution 
(3-4 pet cent) in the cold for twenty-four hours, or for several hours in a 
shaking machine The filtrate is then divided into aliquot’ portions, 

, ' J. I'karm C'Aifii., 1849, 20, 69 * Zcilsch asnl Chtm., 1866, 5,169. 
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which then separately analysed for sulphur, by precipitation as, 
sulphate, and for halopns, by precipitation as the silver halidethe 
nitrogen, if present, being obtainable by difEetence,’ 

Halogen estj^ations in organic compounds.- -An elegant application 
of catelytic hydrogenation to tlie determination of halogens in organic 
compounds is of quite recent date. It was shown by Borsche and 
Heimburger^ that organic halogen compounds when heated with 
hydrogen in presence of the colloidal platinum metals were converted 
to the hydrogenated products with simultaneous liberation of the 
halogen acid. This reaction was applied by Busch and Stove ^ to the 
analjliical estimation of halogens in such compound^, using palladium 
deposited on calcium carbonate as the catalytic agent. The liberated, 
acid was neutralised as formed by alkali present in the aqueous or 
alcoholic solution of the compound. Solvents su«h as benzene and . 
acetone were found to inhibit the catalytic activity of the metal. The 
halogen, after liberation from tin* organic material, was estimated by 
simple titration. It was claimed that by the use of calcium carbonate 
as sftpport material for the catalytic agent recovery of the metal was^ 
facilitated, thus minimising expense. Subsequent rcsearchea, however, 
of C. Kelber * showed that nickel could be used as an excellent substitute 
for platinum and palladium colloids as catalytic agent, thereby eliraiu- 
ating the factor of expense in the analytieal method. It was shown 
that with a suitable shaking arrangement to ensure intimacy of contact 
between the hydrogen and the nickel suspension, the conversion to the 
hydrogenated product was rapid. Numerous examples were quoted, * 
both in the papers of Busch and Stove and of Kelber, to show the 
accuracy of the process, and this is confirmed by a further report of 
Rosenmund and Zetsche ^ on numerous halogenated bodies inv(^tigated 
prior to 1914. 

The Kjeldahl process for estimating nitrogen.-—This process for esti¬ 
mating nitrogen in organic compounds by conversion of the nitrogen 
content into ammonium sulphate by digestion of the compound with 
concentrated sulphuric acid is normally operated with the assistance of a 
catalytic agent. As operat«.*d by Dyt^r,^ the addition of a globule of 
iriercury to the sulphuric acid is recommended. The mercuric sulphate 
thus produced acts as a promoter of tlie oxidation process, hastening 
the production of the clear, colourless liquid which must be obtained 
before, estimation of the ammonia produced. 

) The Kjeldahl method is not applicable to a considerable number of 
organic compounds containing nitrogen, principally tlie nitro-derivativep’ 
and compounds having nitrogen in a ring system, as, for example, 
•pyridine derivatives. * In such cases effort has been made to render the 
^'process applicable by addition of such derivatives as the carbohydrates, 

. • , * Ber., 1916,48,462,850. * Ibid., 191fi, 49, JOOS, 

^ Btr., 1917, 60, 306. • * Ibid., 1018, 5t, 678. 

'V . ' » J. CAera. 8oc., 1895,87,8U. , ^ 
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sogars, and phenols, or by variation of the oxidising agent In the 
latter connection, potassium permanganate, manganese dioxide, copper 
sulphate, jihosphorif anhydride, disodium phosphate, platmic chloride,* 
and magnesia have ail been suggested as catalytic agents 

The identification and estimation of organic compounds— The 
analytical operations which are involved in determining the identity 
and comjiosition of organic compounds are m very great measure the 
application of catalytic processes The primary operation in organic 
analysis is, naturally, the iwparatioii of the siibslance under investi¬ 
gation in the highest iinssible, degree of purity Following this operation 
there arises its asslgniiient to a definite class of com|)Ound, and, at this 
stage of the problem, processes of resolution into simpler or more 
readily identified products largely arise Hydrolysis therefore plays a 
large part m such I'licrations and the aid of catalytic agents is usual. 
Further, certain catalytic rcai-tions ar<' clianicteristic to definite classes 
of organic compounds and may bcutilised in the process of identification, 
W'hilat in the determination of the individuality of a member of a given 
class catalytic reactions may also frequently he invoked By a reference 
to the main cia,sscs of organic comp«iun(ls concerned, these generalised 
remarks may be ]lliistratp<l 

Alcohols.- Of catalytic operations in the identification of alcohols, 
esterification proccssc.s rank liigh in iniportancc 

Stephan^ pio])ns('d the use of plitlialir aiiliydrido as a suitable 
acidic agent for the osteriiicacion piocess of identification and as a 
means of distinction between piimary, secondary, and tertiary alcohols 
Stephan found that jiriinary aleolmls reacted r|uantitatively to form the 
acid ester on liemg heated with tlic anhydride for an lioiir in a suitable 
solvent such as benzeiH', whereas si'coiidary alcohols rciic t with difficulty 
and tertiary alcohols not at all under the given conditions Following 
the investigations of Jlenscliutkiii and others (Chapter XII), the 
velocity of esterification with a given alcoliol iiiider given conditions is 
applicable for purposes of idcntihcation 

Hell’s method* for identification of primary alcoliois of high 
molecular weight is, in reality, the dehydrogenation of an alcohol with 
simultaneous production of an acid Soda-hmc is the particular agent 
employed, though doubtless other catalytK agents could be used The 
reaction occurring may be leprcscntcd by the e(piation 

R OH 2 QH + KOTUR CO()Kr2H2 

In the process the jwssibility of further decomposition of the acid, 
according to the equation . 

' R COOK + KOlUR H + KjCOj, 

must be observed Especially with lower primary alcohols is this 


J pc t'hm , 1809 (II.]. 80, 248 


* Ann. Chtm , 1884, 223, 269. 
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reaction predominant. According to Bancroft^ the dehydrogenation 
process takes place in several stages, representable? by the equation 
CHa. CHa. OH + NaOH=CH 3 . OHO + NaOH + K/X* 


The caustic soda is the catalytic agent, the limp being practically 
inert at the temperatures of operation. 

In the oxidation of alcohols the use of catalytic agents is possible, 
and the variation in the reaction products, aldehyde and acid from 
primary alcohols, ketones from secondary alcoliols ami ketones, and 
acids of lower carbon atom content from the tertiary alcohols, serves to 
indicate the type of alcohol under study. 

The tendency of the tertiary alcohols to form ethylenic liydrocarbons 
permits of the application of the reaction of Deniges,- whereby, on 
heating a few drops of th<‘ alcohol with a solution of mercuric oxide in 
dilute sulphuric acid, a yellow or red precijtitate of the eharacteristic 
compounds }|g 

is obtained. 

For the phenols, tlie coloration test witli ferric chloride is the most 
general method of identiheation, and consecpiently catalytic! operations 
arc but little employed. It may he observed, howevcT, that in acid 
esterification processes the ])henols, in gem'ral, do not yield esters 
except in those cases ici which, owing to substitution in the ring, the 
hydroxyl group is rendered strongly negative. 

Acids.— As with alcohols, esterification is largely (‘inployed in the 
identification of organic acids, and the general niethods of catalytic 
acceleration as outlined in a iircceding cha[>ter are ap]>licable. The 
velocity of esterification may be utilised to differentiati! between primary, 
secondary, and tertiary acids, in which case the data compiled by 
Menschutkin and others on constitution iiitluences in esterification arc 
employed. In general the esterification method of Kisclier and Speier ® 
is adopted for purposes of identification. 

Aniiydrides and lactones. - Proce.sses of hydrolysis with subsequent 
identification of the acids jirodnced are em]doyfed in tlie analysis of 
anhydrides and lactones. The earlier discussion of these reactions 
outlines the catalytic principles involved and the agencies employed 
for promotion of the reaction. 

Tbe carbonyl grouping.- - In the identification of ketones, aldehydes, 
sugars, and other organic compounds containing tlie characteristic 
carbonyl grouping, 

V--=o, 


R/ 

‘ J. Phynkal Ckm., Iftl7. 21, 594.^ 

s Ber.,T8»5, J 
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the poseibility of applying catalysis is most marked Fischer’s method ^ 
of identification of the carbonyl grouping by converaiomto the phenyl- 
hydrazine denvatit’es is markedly influenced by catalytic agents both' 
positive and negative, Ordinanly, the reaction is carried out by 
warming the substance with phenylhydrazihe hydrochloride in weak 
acetic, acid solution, but Schottle^ has directed attention to the 
inhibitory effect of small amounts of this acid as well as of tlie free 
mineral acids such as hydrochloric, sulphuric, and especially nitrous 
acid The reaction, however, occurs much more rapidly m pure acetic 
acid than in water, and in this solvent proceeds even at the ordinary 
temperature ® The insulubility of the hydrazones in acetic, acid 
may account for this observation In researches on the catalytic 
activity of zinc chloride, Ueddellen^ has observed the accelerating 
action of this compoinul, in tlie form of a piioiiylhydrazinc complex 
fCjHj. NH NHjljZnClj, on the Fischer reaction for ketones 

The corresponding reaction of the carbonyl groujnng with hydroxyl- 
amine,® whereby aldoximes and ketoximes are produced, is similarly 
retarded, according to Scliottle,® by the presence of mineral atids 
Caustic potash and soda, on the other hand, act as accelerators 

The catalytic features of the aklol condensation a,s applied to the 
identification of aldeliydes lias been previously considered (p 405) 
Oxidation and reduction of the carbonyl grouping with subsequent 
identification of the resulting products may also be employed in the 
deterramation of aldehydes and ketones, with simultaneous application 
of catalytic methods 

The use of alkali in promoting the iodoform reaction for acetone is 
a specific example of catalysis in organo-analytioal practice, applicable 
both qualitatively and quantitatively “ 

Carbohydrates and sugars.— The reaction of the sugars with phenyl- 
hydrazine to yield hydrazone and osazonc is due to Fischer,® and was 
used by him m the identification and elucidation of the various possible 
isomers 

Maquenne})roposed to utilise the yield of the reaction to yield 
osazonc, under definite conditions of concentration, temperature, and 
time, as a mctliod of. identification of the various sugars Under the , 
prescribed conditions it was found that the yield of hydrazone feom 
1 grm, of sugar was greatest in the case of sorbose and least with 
lactose and maltose 

The Tollens reaction, is principally employed in the identification of 

1 ber. 1883,16, 681, 2241, 1884,17. 672 
^ J. d phystk-chm , (lei , 1911, 48,1190. 

^ Oyerton, Bcr., 1803, 26, 20 
. ‘ .4b» am, 1912,888, 16,’) 

' M«j’ur and Janny, Ber., 1882,15. 1324, 1526, 2778 , 1883,16,170. 

* Loc iU ’ Auwera. Bir, 1889, {2, 009 

« Liebcn.Aan Ckm. 1870,7,230. Jjifer, 1884,17,670, 1887,20,833. 

Cmpl. rend,, 1891,112.709, ' 
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p6iitoaes. .This reaction is based upon two separate processes :» '(a) the 
conversion, under the influence of acids, of pentoses into furfurol, ■ 


OH'. CH-CH. OH 

■ •! I 

HjC CHj 

i I 

OH OH 



HC—cii 

li il, 

HC C.CHO; 

\/* 

0 


Pentose. 


Furfurol. 


(t) the condensation of the furfurol thus formed with a suitable reagent, 
as, for example, phloroglucinol or oroinol, to yield a pharacteristically 
colour^ condensation product, 

/OH /OCe,H.,0 

CeH/0H + C,TIA=-(Vl,(-0H ' 

\oh 

PWorogliH-inol ^ fuifiirol —^ furfur. J i.hloroglui'Mc ) walcr. 


As catalytic agent for both hydrolytic split and subsequent condensa¬ 
tion, strong hydrochloric acid is usually employed. With phloro¬ 
glucinol a cherry-red coloration is given, wliich subseipiently changes 
to a dark-coloured precipitati* of the phloroglucide. With orcinol a 
colour change from red, through violet, to a final blue-green is obtained, 
followed by separation of a blue gn'en precijiitate. Tlic method has 
been employed by Tollens, Krober, and Riinbach ^ for tlie quantitative 
estimation of jientoses. 

The identification of polysaccharules is conducted liy means of 
hydrolysis, using accelerating agents, ehu‘fiy mineral acids, with 
identification of the products of the hydrolytic; split. 

Amines, amides, nitriles, diazo-, and nitro-compounds.'-'Tn the 
identification and estimation of amines, catalytic methods arc not 
normally employed. 

For the qualitative and quantitative estimation of amides and 
nitriles, hydrolysis of the substance, followed by estimation of the 
ammonia formed or of the acid produced, is the usual method of pro¬ 
cedure. Ordinarily, liydrochloric acid is employed as Hydrolytic agent. 
¥ot difficultly hydrolysable nitriles, Sudborough recommends the con¬ 
version of the nitrile to acid amide by digestion with 90 per cent sul¬ 
phuric acid, followed by conversion to the carboxyl derivative by treat¬ 
ment with nitrous acid. The same treatment is applicable to acid 
amides. Hydrolysis may also be effected in alkaline solution, in which 
case, however, precautions must be taken to collect the ammonia evolved. 

In the estimation of the diazo-compounds, the use of dilute acids 
as agents for the liberation of nitrogen is utilised for the aliphatic 
compounds. The observations made previously as to this reaction 
apply also to the quantitative estimation, in which, normally, dilute 

* Z«il8Ch. angew. Chm., 1902,15, 477. 
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sulphuric acid is the reagent used. With tlie aromatic diazo-group, j 
40 per cent sulphuric acid is employed to decompose the compound, 
the nitrogen from*which may be collected in a Lunge nitrometer. 

The nitro-componnds are identified by reduction to the correspond¬ 
ing amine, in v/hich process the possibility ot utilising accelerating 
agents has already, frequently been emphasised 

Halogen derivative. —The catalytic process outlined in the section 
on elementary analysis was originally employed as a method of identifi¬ 
cation of haiogiii-siibstituted organic compounds, and, by the later 
investigations, was shown to be quantitatively applicable 

Esters and glucosides. -Hydrolysis of these compounds witli sub¬ 
sequent ideiitilicHtion of the products is the normai course of pro¬ 
cedure Both acid and alkaline hydrolysis is utilised, according to 
desire, the pnnoijiles involved in both being fully set forth in the 
chapter dealing with hydrolysis 

The proteins. - The reseatches of Enul Kiseher on the constitution 
of the protein.s arc admirable illustrations of the application of catalysis ' 
in organic investigation Fiscliei .showed that, on hydrolysis, the 
proteins viehled a large miiiil)er of ainiiiD-aeids, the mdiviihial proteins 
differing from one another m le.speet of the numln'r and quantities of 
the acids obtained by the hydrolytic [iroress, using strong acids as 
accelerating agent Roth munobaKie and dibasic amiiio-acids, as well 
as diainirio-aoids, have thus lieeii isolat'd from the products of hydro¬ 
lysis, and, from a given protein, as nuieh as 7(1 per emit of the theoretical 
yield has been obtained, m the form of different ammo-acids, thus 
showing that the protein molecules consist essentially of eoiijugations 
of a large miinber of amino-aeids, schematKally repiesentable by the 
formula 

COOH K CII NII -CO R, (ffl NH (‘0 R^RTl KH CO . 

NH CO.R,, CH NHj 

The apiiroximately quantitative method of estimation of the 
hydrofysis products may bo outlined The piotem is hydrolyseil by 
meaii-s of sulphuric or bydrocliloric acid, generally the latter, in the 
form of acid of sp gr Mb The progress of the hydrolysis is followed 
by means of the, biuret ti‘St for protein, the production of a reddish- 
violet to blue coloration in presence of very dilute copper sulphate 
solution, and sodium hydroxide After completion of hydrolysis the 
mixture i.s concentrated in a vacuum and saturated with hydrogen 
chloride, whence, on standing, the hydrochlorule of glutamic acid 
separates out The succeeding operation is the esterification of the 
inonoanuno-acida in alcoholic’ solution of hydrogen chloride, several 
succbssive operations being necessary in order to overcome the hydro¬ 
lytic effect of tlie water jiroduced in the esterification process The 
subsequent operations consist in the liberation of the free esters from 
their hydroclilondes and in the separation by fractional distillation, m 
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a vacuum, of the amino-acids into various groups arranged in order of 
their volatility. To get more effective separation the process involves 
hydrolysis of the esters and a laborious process of fractional crystallisa¬ 
tion of the amins-acids. 

Physico-chemical measurements of catalysis in analytical chemistry, 

—To the reader who has perused the preceding cha'|)t«rs it must have 
been evident that a considerable number of the reactions therein dis¬ 
cussed are readily applicable to the processes of analytical chemistry. 
Especially in those branches of analysis in which equilibria are, present 
are the normal analytical ojierations inapplicable, since in the majority 
of cases these latter arc conducted with displacement of the equilibria 
prevailing. For example, it is obvious that the onlijiary analjdical 
processes are frequently not a[i(ilicabh! to tlie delerminalion of tlie 
concentrations of hydrolytic jjrodiicts of a given substance in a solution, 
since they often consist in methods of precipitation, or, in general, of 
* removal of components of the system from tlie sphere of reaction, which 
ohviqusly results in displacement of tlie, prevailing equilibrium. lu 
cases such as these the application of jiliysico-cliomical metliods are 
invaluable, as may be illustrated by tlie use made of tliem by Bredig 
and by Walker and his co-worker.s in the examples [ircviously cited in 
the section on diazoacetic ester decomposition (Ohapter .KI.). Also it 
is evident that pliysico-chemieal methods arc also widely applicable to a 
variety of determinations of organic substances, in wliicli tlie complexity 
of the. materials is a distinct difticulty in tlie way of ordinary analytical 
operations, but with which, by a .study of tlicir various reactions, in 
many of which catalytic change is involved, pliysieo-chemical measure 
merit becomes in tlie most marked degree a useful method of analysis. 

The field of reaction,s involved in a discussion of such measurenients 
extends into both sections of chemical analysi.s, inorganic and organic. 
It is preferable, therefore, in order to summarise the various applica¬ 
tions of this type, to adoiit a classification based upon the agent which is 
active in the jiromotion of the catalytic cliange, to group them thercfo(e 
according to the part )ilaycd by hydrogen or hydroxyl ion, water, 
neutral salt, or gas in promoting the reaction under consideration. In 
such a way the field of study may be more succinctly covered. 

Water. —The role of water in various oxidation processes has long 
been a matter of note. Bergmann’s observations that pliosphorus 
oxidises more slowly in dry air than in moist is but one of many early 
observations of the action of water graphically emphasised by Mrs. 
Fulhamc in her “ Essay on Combustion ”, London, 1794. The views 
of Mrs. Eiilharae on the intervention of water iii the oxidation of carbon 
monoxide were revived by the communication of Dixon to the British 
Association in 1880, to the effect that the union of carbon monoxide 
and oxygen only occurred in the presence of water vapour. Baker' 
extended the observations on the accelerating action of water vapour 
‘ J. Cftem. Soc., 1894, 65, 611, 
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to the oombination of ammonia and hydrogen chloride, as well as to the 
dissociation of the corresponding ammonium salt, to the combination 
of sulphur tnoxido and lime, and to the reaction between illuminated 
hydrogen and chlorine. Further bibliography on 'the influence of 
moisture on chemical ciiaiigc has also been comjulod by Mellor and 
Russell ^ more recently still, and in a more quantitative manner by 
Tramm ^ It is evident, however, that such positive catalytic influences 
of water vapour arc but little ajiplicablu to the purposes of analytical 
work On the other hand, in a number of reactions In which water 
functions as an inliihitor, analytical applications are possible 

In a preceding chapter, in the discussion of esterification processes, 
it was pointed out that the presence of small quantities of water exhibit 
extraordinary inhibitory effects on *he velocity of esterification in 
alcoholic aolutioni. Tiii.s oiiservation funiislipd Goldschmidt with a 
method for the determination of small amounts of water in alcohol,* 
consisting in the determination of the velocity of esterification of a 0-1 ■ 
normal solution of pheaylacctic acid in solution m the given example of 
alcohol, using hydrogen chloride of concciitratioii 0 I normal ascatalyto' 
agent By comparison of the reaction constant obtained with the 
alcohol under investigation with the values yielded by alcohol containing 
definite known amounts of water, the aqueous content of the alcohol 
sample could readily be deduced A .similar ajiplication of the principle 
to methyl alcohol is due to Gyr,^ who employed the same concentra¬ 
tions of esterifialde and catalytic at itl as were used by Goldschmidt 
A corresponding a]q>iication of reaction velocity measurements 
with the analytical dotermination of water concentrations in alcohols 
was furnished by the observations of Bredig and Fracnkel* on the 
inhibitory action of water on the catalytic decomposition of diazoacetic 
ester ill alcoholic solutions by aid of acids It was shown that the 
reaction constant in })resence of 0-00909 normal jiicnc acid was as much 
as it=0-0524 in ethyl alcohol dried (»vor ealciiim, whereas with alcohol 
containing 0-J8 per cent of water the constant had sunk to 0-0401 
Tiie observations of Bredig and Fraenkel were subsequently extended 
by Millar, to whom is due the following table of reaction constants in 
ethyl alcohol, dehydrated by distillation three times from motalbc' 
calcium, in presence of varying concentrations of water, employing 


0 00909 normal picnc acid as catalysing acid. 


Water Ooni'ciitra- 
tl<in m Orm -moi 

t. 

Water Cycecntr.i- 
tlon 111 Qrin -inols 

L 

per Litre, 

OW 

0 0i;70 

per Litre 

064 

, 0 0175 

0 02 

0 0534 

12H 

00115 

‘ 004 

00467* 

2 56 

0 00645 

OOS 

0 0424 ' 

612 

0 00435 

0-16 

0 0334 

10 24 

0’00491 

0 32 

0 02.56 

1524 

0 00760 

* J. Vhtm Hoc, 1902, 81, 12’ 

12 = 

' Zcilech. phusilal (Jhm , 192.3.108, 356, 

’ Uoldaciimidt, with Siuido, 

Bn, 1906, 89, 7J1. with I'dbv, ZaUch pAurtial CAeii.. 

1907,60,728. 

* Ber, 1908, 41,4308 

‘ ibid.„im, 80,1766 
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The table demonstrates that the reaction velocity passes through a 
minimum with large concentrations of water, so'that the method of 
estimation is only applicable to small concentratipus, the disturbing 
effect of the copesponding reaction in aqueous solutions making itself 
felt at higher concentrations. Millar showed that the retarding action 
of water increased with increasing complexity of >the alcohol; thus 
with methyl, ethyl, and isobutyl alcohols the retardation by 0-.‘52 mol. 
of water per litre is in the ratio 37 : 55 ; 72 per cent. 

A further observation of the inhibitory action of water is also duo 
to Bredig, who, in co-operation with Lichty,^ demonstrated that the 
decomposition of oxalic acid in presence of concentrated sulphuric acid, 
according to the equation 

(C00H)s = ('02-tH20, 

is retarded by the presence of water. It was shown that the iuHuenco 



of traces of water was so great that it was possil)lo to determine, by" 
means of reaction velocity experiments, concentrations of water which 
could not be detected by the ordinary analytical methods, or even by 
determination of the electrical conductivity. Thus the time required 
to decompose a given quantity of oxalic acid at 25'' rose from fifteen 
minutes in 100 per cent sulphuric acid to two hundred and eighty- 
five'minutes when O'l per cent of water was present. With larger , 
concentrations of water the rate of reaction became so slow that it was 
necessary to carry out the investigations at still higher temperatures. 
It was then found that at 46° the concentration interval of 0-1-0-6 per 
cent of water could readily be investigated. Higher concentrations 
of water were investigated at a temperature of 70°. The accompanying 
diagrams (Fig. 27) illustrate the retarding influence of the water in such 

• ' ZtUsch, BUUnehm., 1906,1!, 450: J. rtyjtcal Chm., 1907,11, 225. 
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circumstances It must be observed that the presence of sulphates in 
the acid is not pcrdiissiblc, since they also exert an inhibitory action 
upon the velocity'pf reaction 

Hydrogen ion.— Physico-chemical measurement gf hydrogcn-ion 
catalytic activity is mainly confined, m analytical chemistry, to four 
reactions tlie inversion of sugar, the velocity of esterification, the rate 
of ester hydrolysis, and the decomposition of diazo-csters Of all these 
reactions, the theoretical aspects have previously been discussed Their 
ap]ihcation8 to problems of analysis remain to bo mentioned 

Naturally, use may be made of any of these reactions for the deter¬ 
mination of hyd'rog(‘ii-i(ui conceiitration Thus, Walker utilised the 
measurement of the rate of liydrolysis of esters^ to measure the 
hydrolysis of salts yielding acidic jiroducts of liydrolysis, and Walker 
and Aston ^ iitihscd tlie inversion of cane sugar to the same end 
Walker and Wood ^ emploved botli tliesi' reactions to determine the 
hydrolysis of urea hydrochloride Walker and Ciimmitig^ applied tlie 
diazo-ester decomposition to tlie gi'ueral prolilem of the acid coiicen- 
trationa of amphoteric electrolytes, whilst Spitalsky mvestigateil, in 
the same manner, the hydndysis of pota'^sniin dichromate ^ The 
operations are also ap])li(able to luologieal investigations, as illustrated 
by the determination by Laborde *' of tlie acidity of tht' gastric juice by 
measurement of the rate of inversion of cane sugar Hoffmann" 
elaborated the method of ostiinatnm, using the inversion of cane sugar 
and the hydrolysis of methyl acetate 

As emphasised m the section on identification of organic compounds, 
determination of reaction velocity in presence of definite liydrogen-ioii 
concentrations may also be utilised for tlie analysis of acids and 
alcohols, as w'oll as of esters 

In regard to all such measurements, however, a word of warning is 
necessary The modifications of reaction velocity brought about by 
the presence of neutral salts, colloidal material, and tlie like, limit, 
strictly, tlie applicability of this method ot analytical investigation 
Measurement of the polarisation of sugar solutions before and after 
inversion by acids is a method for determmntioii of sugar concentrations 
With cane sugar present alone, the operation is simple, as was demon¬ 
strated by Clerget ® The operation has Ix'cn applied to the determina¬ 
tion of added cane sugar in wine and m condensed milk iii the latter 
case even in jiresenee of milk sugar, since, with a 03 per cent hydro¬ 
chloric acid solution, winch is sutficient for the inversion of the cane 
sugar, the imlk sugar is not attacked Polanmetric measurement, 

* Zetlick phjsikul Chm , 1889, 4, 319, 

‘V Amr Vhm Sne, 1895,17 , 670, 1897,18 , 120,693. 

’ J Ckcm Soc . 1903, 88. 484 * Zettsch phystial Chem , 1907, 87, 678 

“ Zeilsch uwrj Ckem , l'K)7, 84. 265 * Oai mM, pAris, 1874, 9 

’ Z(nlrMI Win Median, 1889,10, 793 , 1891,11, 521, ZetMcA, anal Chem Ref, 1891, 
30 302 ‘ .4«i» Chim I’ki/i . 1849 (iii), 28, 175 
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before and^after inversion, is also employed in determination of mixtures 
of rafBnose and cane sugar, the former of which is inverted 'about 20 per 
cent leSs rapidly than the latter. The raffinose on'inveraion yields a 
mixture of the^ three sugars, glucose, fructose, and galactose, which 
mixture has, therefore, a greater dextrorotatory power than ordinary 
invert-sugar. ^ 

Hydroxy] ions.—Of reactions adapted to the determination of 
hydroxyl-ion concentration, those based on the catalytic iniluence of 
alkalis on change of optical rotation are, from the lfi.storical jioint of • 
view, the first to be discussed. Urecli ^ showed the dependence, on 
the strength and concentration of various bases, of*tlie mutarotation 
of milk, sugar, but the operation of a catalytic influeiice in this case 
was first pointed out by Ostwald. Conser|uently, Bredig^ cites the 
investigation of Will and Bredig ® on the action of bases on optical 
rotatory power in the conversion of hyoscyaiiiine to atropine as the 
first example of hydroxyl-ion catalysis, with which, moreover, the ion 
concentration may conveniently be measured, as well as liy means of 
the t5orre8ponding racemisation of .scopolamine.^ The reaction occur¬ 
ring is unimolecular and proportional to the hydroxyl-ion concentra¬ 
tion, the bases being active in the order of tlndr electrical conductivity. 
Instances of such measurements could be multiplied, and include the 
racemisation of tartaric acid,^ of cotariiine by Dobbie, Lauder, and 
Tinckler,® of amygdaliii ^ and of mandelic aidd by M‘ Keazic and 
Thompson.® According to researches of Trty ® and Osaka the most 
accurate method of measuring hydroxyl-ion concentration is in the 
change of optical rotation of (/-glucose. 

The utility of alkalis in promoting the aldol condensation, as out¬ 
lined in the chapter on organic synthesis, is also illustrated in the 
investigations of Koelichen,^^ who sliowed that tli(^ condensation of 
acetone to diacetonc alcohol, 

2 CH 3 . CO . CHg CH 3 . CO . CII 2 . C(OH). (CHa)^, 

as well as the decomposition of the latter, was promoted by the addition 
of alkali, and that, as proportionality existed between hydroxyl-iofi 
concentrations and reaction velocity, the change could be employed as 
a measure of the ionic concentration. The volume change accompany¬ 
ing the reaction was used to determine the reaction velocity, the system 
under investigation being contained in a dilatometer. The reversibility 
of the process was particularly well investigated, it being demonstrated 

' ^ Ber., JSSi. 16, 2130 i 18S3, 16, 227U; 1885, 18, 3069. 

* '** AIt«Q u. Neues von Uet Catalyse ”, Biochem. Zeiisch., 1907, 6, 283. 

* S€r., 1888, 21, 2777. * Horz, Ohetn. Zmtr., 1911, 15. 07. 

* HoIlMftan and Bocsekon, i?cc. Pat/g’Bw9, 1897, 17, 60; Winthor, Zeifgch. phymkalr. Cliem. 
1906, 58, 466, 719. 

« J. Cktm. Soc., 1W3, 83. 472 ; 1004, 85, 121. 

’ W^T, ^id., 1903, 83, 472., * Ibtd., 1905. 87, UUO. 

» Zntsch. physikal. Chm., 1895, 18. 193; 1897, 22. 424. 

» Ibid., 1900, 35, 661. “ Ihul., 1900, 33, 149. 
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that the ei^uilibrium position was unchanged by the presence of tlj, 
catalyst, and independent of its nature 

In the saponification of esters, also, a convenient method 
determining hydroxyl-ion concentration is evidently available 

A recently investigated example of catalytic activity of hydrox}! 
ions IS the deconjposition of iiitrosotriaoctonamino, by alkalis, into 
phorone and nitrogini, as represented by the equation 

/'H, C(0II,),, CH, OfCH^), 

00< ';N NO-CO( H-Nj-elljO. 

XTL, (!(CIl3),. '^CIL. CfCHj), 


It iviis slulwji by Francis and C'libheiis,^ and by Francis and Geake,^ 



0 01 0 02 0 03 0 04 0 05 0 06 

Conccntiation of OH' 

t’Ki 28 


that the iininiolecular reactmn, occiirnng in presence of alkalis, was 
available for the estimation of the concentration of the hydroxyl ions 
up to the value 0 05 uoiinal Beyond tins concentration and as far 
as 0-3 iV/hvdroxyl ion the unimolecular constants showed a dnft, 
rendering the method inapjdicable for determination of ion concentra¬ 
tion in tins interval, above which, however, results were again obtained 
from which ion concentration could be deduced The accompanying 
diagrams (Figs 28 and 29) iHustrate the results obtained The re¬ 
action was very conveniently investigated, in the manner employed 
in tiie studies of acid catalysis in tlic diazoaectic ester decomposition, 
by observation of the nitrogen evolveil 


J Ckevu rSoc, 1H12,101, 23,W 
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The effelt of neutral salts on the velocity constant of the dccom- 




ions ate small ‘ is shown in the accompanying diagrani (Kig. 30); where 
the percentage retardations are plotted against the concentration ol 


' J. Cheul. Sx., Wl->. 107, 1001 
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the neutral salts used, It follows, therefore, that when *this method 
for the dcterpiiiiation of alkabiuty is used, due allowance must be niade 
in the value of the^ velocity constant found if neutral salts be present, 
and the method may thus lose some of its convenience as a method of 
estimation 

The method has also been applied to a number of other nitroso* 
amines with similarfresults, typical examples of which are included m 
the plot of results given m Fig 31 



Salts as catalytic agents.— The anions <]f a luimber of salts have 
been shown to function catalytically, and in illustration thereof the 
researches of Breriig and Wallon ^ on the activity of iodides in the 
decomposition of hydrogen peroxide, and of Bredig and St<'rn^ on the 
influence of cyanides in the condensation of benzaldehyde to benzoin, 
may be cited 

Walton showed that the decomposition of the peroxide m presence 
of potassium, .sodium, and ammonium iodides was a reaction of the 
first order, the velocity of which was proportional to the concentration 
of iodide loii With cadmium iodide, which, as is well known, forms 
a complex anion, the ratio of<reaction velocity to concentration of 
iodide was considerably reduced . Also, the formation of anion com¬ 
plexes with potassium iodide, as, for example, by addition of iodine 
or mercuric iodide, similarly resulted in a diminution of reaction velocity 

^ Zalvh phystlal C'kem , 1104, 47, 185 


» Ibid, 1005.50,cn 
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In the cyanide reaction Stern showed that the reaction velocity 
was tlje same in equal cyanidc-ion concentrations, ivhether'from sodium, 
potassium, or barium cyanides, completely analogous, therefore, to the 
behaviour of the hydroxides in the saponification 'of esters. Complex 
cyanide fo;rmation also lowered the reaction velocity, confirming, there¬ 
fore, the view of aniou activity. 
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